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Abstract

Restricted Hartree-Fock calculations, with explicit

non-empirical calculation of all integrals, are presented for

four reactive intermediates (BS, SiH^, ^NB).
For all except BS, calculations on the anion and cation

are also presented, with excited state calculations being reported

for all except SiH^.
The BS calculations take the form of a survey and

comparison of GTO and STO basis sets, while those on SiH^ and

PH^ study the effect of adding polarisation functions to a double
zeta basis set.

The results have been related, where possible, to

experiment, but many of them, particularly the calculated one-

electron properties, remain predictions.



1. INTRODUCTION

The whole basis of theoretical chemistry relies on the

solution of the Schrodinger equation:

H**p = E V ,

where "F" represents the wave function of the system in question,

H its Hamiltonian operator and E its energy. This apparently

simple equation then holds the key to almost all problems in

chemistry. Its analytic solution has, however, only been possible

to date for atoms and molecules with one electron, due to the

difficulty in evaluating the interactions between electrons. The

aim of the theoretician has then been to devise different ways of

solving the Schrodinger equation approximately, with the view to

obtaining information of chemical value.

Many different approximate methods for solving the

Schr'odinger equation have been reported, each one a little more

complicated than the last, and we shall mention just a few of these

methods in the next section. A full review of such techniques

would, however, be far too lengthy for this work, and quite

inappropriate, as there are many up to date reviews available

which point out the merits and failings of the different methods.

In this work, one method of solving the Schrodinger equation

has been chosen, the so-called Restricted Hartree-Fock approximation

first formalised for molecules by Roothaan [1]. Four small

molecules have then been investigated by this method with the

intention of calculating their electronic structure and properties.

The results obtained have been compared where possible with

available experimental data and with the results of any previous
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calculations. Many results, however, remain predictions

which we hope will stimulate further experimental work on

these species.



2. THEORETICAL BACKGROUND

As the Schrodinger equation cannot be solved exactly

for many-electron systems, one has to devise approximate

solutions of some desired accuracy. In the simplest and most

widely used model of a molecule, the nuclei and electrons are

assumed to be point charges interacting through electrostatic

(Coulomb) forces only. The non-relativistic Hamiltonian for

such a system of point charges contains terms which describe

not only the motion of the electrons about the nuclei, but also

the motion of the nuclei with respect to each other and of the

molecule as a whole in space. The corresponding Schrodinger

equation is very difficult to solve in general, and accurate solutions

have been obtained only for the simplest molecules, and [2 ].

The problem is simplified considerably, however, by including

in the model further assumptions which result in the separation of the

electronic and nuclear motions. The assumptions rely on the

observation that the ratio of the electronic to nuclear masses is

small, so that the nuclei can be regarded as having infinite masses,

and hence fixed positions relative to a fixed coordinate system. The

Hamiltonian for the motion of the electrons in this "fixed-nuclei"

or Born-Oppenheimer [3] approximation takes the form, in

atomic units, of:

A B > A

The first summation of this equation represents the repulsions

between all pairs of nuclei, with charges Z . and Zt2 and-A iJ
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internuclear separations of R . _ . The second summation is overc AB

all n electrons in the molecule and includes the one-electron

operators for the kinetic energy and the attraction between

electrons and nuclei. The final term is for repulsions between

pairs of electrons.

Nearly all current electronic structure calculations are

based on the variational principle [4 ]. For any normalised

approximate wave function, the energy is just the expectation value

of the Hamiltonian operator:

E =

r
>:<

Y HfdT

The variational principle is based on the fact that the energy, E,

from any trial wave function is a rigorous upper bound to the

true energy. Therefore, the "best" wave function of a given form

is that for which all parameters have been varied to yield the

lowest energy. If the wave function is capable of completely

flexible variation, application of the variational principle will yield

the exact solution to the non-relativistic Schrodinger equation.

The most general types of approximate wave functions

commonly used with the variational principle rely on expanding

the wave function in terms of some finite set of functions, called

basis functions. In practice, when a sufficient number of such

functions is used, the true physical properties of the system are

achieved from the wave function form. Exponential or Gaussian

functions are most frequently employed. The use of exponential

functions was originally suggested by Slater [5 ], and so usually

carry his name. Slater type basis functions are of the form:
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%STOPS'1'm'S) =Rn (r;?>Y
s

where Y (0,0) are the usual normalised spherical harmonics
lm '

and the normalised radial function is given by:

R (r;n = [(ZnJ! rW)"8"1"2 rDs exp(-fr).
11 b

s

£ is the orbital exponent and r is the distance from the atom on

which the particular Slater function is centred.

The use of Gaussian functions was first suggested by

Boys [6] and they have a similar functional form to the Slater type

functions, but with the normalised radial function given by:

R (r!f).(^ 2VM(3ng-l):i]d 1 exp(- f r2).
ng

Another way of using Gaussian functions was developed independently

by Preuss [7 ] and Whitten [8] and is called the Gaussian Lobe

method. Here only Is Gaussian functions are used which do not

have to be atom centred, and linear combinations are then chosen

to simulate orbitals of higher angular momentum.

There are a number of non-variational methods which have

been developed by various workers. These, however, have the

disadvantage that the upper bound reference to the true energy is

lost. One example of such a method which we shall mention in

passing is the method of moments used in the Transcorrelated method

developed extensively by Boys and Handy [9-12],

The application of the variation theorem in the work to

follow is to the calculation of " self-consistent-field" wave functions.

SCF procedures have arisen from the use of a variety of approximate

wave functions given as linear combinations of Slater determinants



which ensures that the wave functions are antisymmetric with respect

to the exchange of any pair of electrons. In SCF theory, the wave

function, , is simplified to a sum of products of functions, <j),
called one electron orbitals, which contain the space and spin

coordinates of only one electron. The proposal to use one-electron

functions was made by Fock [13] and Slater [14], and represents an

improvement on the simple Hartree approximation, as the determinantal

function is the simplest function which satisfies Fermi-Dirac Statistics.

By minimising the energy resulting from a single determinant wave

function, one can derive a rather complicated set of integrodifferential

equations, the Hartree-Fock equations; and the Hartree-Fock wave

function is the best (in a variational sense) that can be constructed

by assigning each electron to a separate orbital.

For atoms and some simple diatomic s the Hartree-Fock

equations can be accurately solved by numerical integration [15, 16],

though, as mentioned earlier the orbitals are usually expanded in

terms of a set of analytical basis functions. As it is never possible

to use a complete set of these functions, the Hartree-Fock equations

can only be approximately solved, and hence the SCF wave function

is defined as the best (lowest energy) single determinant wave

function constructed within a finite basis set.

In this work, two further restrictions are placed on the

wave function; those of symmetry and equivalence [17 ]. The

symmetry restriction means that each orbital is assumed to be a

"symmetry orbital", or the orbital must transform according to

one of the irreducible representations of the molecule's point

group [18]. Equivalence means that each space function has
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associated with it two possible spin functions, or from a

physical point of view, each orbital can contain two electrons of

opposite spin. Solution of the Hartree-Fock equations with these

further constraints yields the Restricted Hartree-Fock wave

function.

Open-shell systems give rise to a number of difficulties.

For instance, in the case of two degenerate configurations, the

total energy of a pure spin case cannot be identified with the

expectation value of a single Slater determinant. The Hartree-Fock

wave function can, however, in general be written as a single

determinant for the ground-state s of most radicals. In theory

it should be no more difficult to obtain SCF wave functions for

open-shell systems than it is for closed-shell systems. In both

cases one takes a symmetry determined linear combination of

Slater determinants and varies the orbitals to minimise the total

energy. In the Nesbet procedure [17 ],the methods for solving the

Hartree-Fock equations for closed- and open-shells are

conceptually the same. For the method used in this work,

however, it is considerably simpler for closed- than open-shells.

This method has been described by Roothaan for closed-shells [1 J,

by Roothaan for a single open-shell [19], by Huzinaga for two

open-shells [20] and by Roothaan and Bagus for many open-shells

[21]. Two recently introduced methods are the more general

Orthogonality Constrained Basic Set expansion method which was

developed by Hunt, Dunning and Goddard [22 ] and is being

increasingly used to obtain open-shell SCF wave functions and a

"level shifting" technique proposed by Guest and Saunders [23],
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which permits guaranteed convergence for the open-shell case.

As the two aforementioned restrictions are constraints

on the orbital approximation, it follows that a lower, and therefore

more accurate energy can be obtained by a relaxation of these

constraints. By removing the restriction of double occupancy,

so that only one electron occupies an orbital, we get the spin-

unrestricted Hartree-Fock model [24,25 ], often simply known as

the Unrestricted Hartree-Fock model. One objection to this model

is that it produces wave functions that are not in general exact
2

eigenfunctions of the spin operator S . This is remedied by

the application of a suitable spin projection operator [26, 27 ]

to the computed wave function to give the Projected UHF (PUHF)

model. This wave function is, however, not strictly variational

as the energy is not minimised for the PUHF wave function, but

rather for the UHF wave function. The Extended Hartree-Fock

model [28] remedies this, as a symmetry adapted wave function

is formed for example in the form of a projected Slater determinant,

prior to the calculation of the orbitals. The variation principle is

then applied after spin projection. This model has the advantage

that the orbitals are the best orbitals consistent with the

symmetry properties of the state in question. One final extension

to the RHF method to be mentioned here is the spin-optimised

Hartree-Fock model [29,30]. This is about as far as one can go

while retaining the independent electron approximation, though

the orbitals are no longer orthogonal making the energy expression

very complicated. It is thus unlikely that SOHF wave functions

will be available for atoms and molecules with more than ten
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electrons in the near future.

The orbital approximation is then the starting point for

several of the methods that have been devised for the calculation

of accurate solutions of the Schrodinger equation. An eigenvalue

of the non-relativistic Hamiltonian of an isolated system is then

conveniently written as the sum of two contributions: the Hartree-

Fock energy and the energy which corrects for the deficiencies

of the orbital approximation, called the electron correlation energy.

The definition of the correlation energy then depends on the

particular HF model used,although it is usually defined as the

difference between the exact non-relativistic energy and the RHF

energy [31],

E = E + E .

RHF C

This is because the majority of orbital calculations are performed

within the RHF formalism. Thus, contributions to the correlation

energy can be obtained from such models as were described in

the last paragraph. Many different methods have been proposed

for a quantitative description of correlation effects in molecular

systems and reference will be made to just one of them in the

succeeding paragraphs: the so-called Configuration Interaction method.

As mentioned earlier, an exact wave function for an N-

electron system can be expressed as a linear combination of a

complete set of Slater determinants.
CO

T= £ ci $ i
1= 1

Each Slater determinant, (£> is a spin-orbital configuration and

represents a particular distribution of the N electrons amongst
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the available spin-orbitals. The coefficients, c.., are determined

to minimise the energy. The Slater determinants may not, however,

in general have the correct space and spin symmetry properties of

the state in question, and may make no contribution to the wave

function. It is therefore sometimes more convenient to replace

the individual Slater determinants by symmetry-adapted linear

combinations of determinants, which can be constructed for example,

by the use of projection operators. Each such symmetry-adapted

combination is called a configuration and only those configurations

with the correct symmetry properties of the state in question need

be included in the expansion of the wave function. This is the

basis of the CI procedure. Naturally it is not possible to solve a

matrix eigenvalue problem of infinite dimension, even if a complete

set of functions were available. From a set of M spin orbitals,

it is possible to construct a total of Mi /Nl(M-N)i independent

N-electron configurations and although not all of these will have

the correct symmetry properties of the state in question, this

number very quickly becomes too large for a complete CI

calculation to be a practical proposition. It is thus of some

importance not only to be able to choose a set of orbitals for which

the CI expansion converges rapidly, but also to be able to predict

which configurations make significant contributions to the wave

function, and so must be included in the CI expansion.

The various methods that have been devised to solve the

convergence problem are essentially of two types, depending on

whether the choice of orbitals precedes and determines the choice

of configuration, or the choice of configuration precedes and
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determines the choice of orbitals. In the former case the

configurations are built up from some previously chosen fixed

set of one-electron functions which may be, but are not necessarily,

the HF orbitals. Such an approach almost inevitably leads to a

slowly convergent CI expansion unless the orbitals are very

carefully chosen, with many configurations making small but

significant contributions to the wave function. For a given set

of configurations, however, the optimum orbitals may be obtained

by the multiconfiguration SCF method [32 ]. The many-

configuration wave function is treated in the same way as the

single-configuration wave function of HF theory, and the variation

principle is used to derive a set of one-electron eigenvalue equations,

analogous to the HF equations, which can be solved by the SCF

procedure. Several procedures have been devised for the practical

implementation of the CI method, and they all have two features in

common. Firstly, they are very costly, and secondly the resulting

wave functions are not readily interpreted in terms of familiar

physical pictures.. Perhaps the best reference for the CI procedure

is to a series of lectures given by Roos at a recent NATO Advanced

Study Institute [33 ] which gives a thorough breakdown of the

theoretical and computational requirements with numerous

examples.

Configuration Interaction is the simplest method for

including correlation effects in wave functions. There are others:

some of them involving many-body perturbation theory with

numerous different electron-pair approximations being used. It is

not the intention here to say any more about these other correlation
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methods as many of them are still in the development stage and

no application of them has been made in this work. Again, the

best reference to methods of this kind is to lectures given by

M.A. Robb in the same manuscript as reference 33.

Of particular relevance to this work is the calculation

of molecular properties, and the next section is now devoted to

a qualitative discussion of these.
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3. MOLECULAR PROPERTIES

A molecular property can in general be defined as the

energetic response of the molecule to some internal or external

perturbation. From the electronic wave function of a stationary

state of an N-electron system it is possible to calculate those

properties of the system which depend primarily on the electronic

structure in this state. From a physical point of view, those

properties which depend on an internal perturbation will lead to

a splitting of the energy levels of the molecule, while those which

depend on an external perturbation merely shift all the energy

levels by the same amount. Thus the internal properties can be

observed in a spectroscopic experiment, the external ones cannot.

In the case of a mixed internal and external property, the external

perturbation serves as a means of amplifying the splitting.

According to this view, it is obvious that the Lambda doubling,

the hyperfine coupling and the internal field gradients will lead

to a field independent splitting, and the same will hold for the

vibrational operators and the nuclear spin-spin coupling. The

nuclear magnetic shielding and the rotational magnetic moment

factors cause splittings which are proportional to the applied

magnetic field strength, and the magnetic susceptiblity shifts all

the levels by the same amount, proportional to the square of the

magnetic field.

The calculation of these properties provides quantiative

tests of the relative merits of different models and approximations

and they serve to supplement, check and interpret the results of
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experimental observation. The actual value of an observable

property of a quantal system is defined as the expectation value

of the quantum mechanical operator representing the property,

with respect to the wave function of the state in question.

The purpose of this section is to introduce each of the

properties calculated in this work in turn. There will be no

attempt to rigorously derive them, though their relationship

to different expectation values will be discussed along with their

physical significance.

3. 1 The First Moments and the Dipole Moment

The dipole moment of a molecule defines the first order

response to an external electric field and is related to the

expectation values of the coordinate operators, or first moments, by:

^(A> = Z ZN<FNA> b - <t(1Z(r!A>« I t{0)> '

where the first sum is over the nuclei (charge Z^) and the second over
the electrons. a denotes the component along one of the coordinate

axes (x, y or z). If the molecule has no net charge, fhen the distance

may be measured from any convenient reference point A, as the

total dipole moment is invarient to the choice of origin.

Like the population analysis, the orbital contributions to

the dipole moment, in the cases discussed later - <( z y , can be

used in a semi-quantitative sense in the description of that orbital.

The expectation value of z, or the z-centroid, of an orbital is the

average position of the orbital along the z-axis. Thus, one can

discuss the molecular orbitals as revealed by the z-centroid in
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exactly the same way as from the population analysis.

3.2 The Second Moments and the Quadrupole Moment

The second moments of the charge distribution are

another means of determining the spacial extent of the molecule

or of the individual molecular orbitals, for any coordinate origin.

They are especially important when the first moments vanish

because of symmetry. The second moments are defined, with

respect to the centre of mass, as:

Qoj3 = Zj ZN^rNa"Cu^rNl3 ~C(3 ) " 2 ^ I ^ra"Cu^rj3 ~Cj3 ^ I ^ ^ ^ ^

where C represents the position of the centre of mass, and a and {3

denote components along one or two of the coordinate axes.

The second moments can be used to compute the elements

of the quadrupole moment tensor, 0, relative to the centre of mass

according to Buckingham's definition [34 ]:

^u(3 = ^3Qoj3 _ <5^ Qi—' aa'
OL

The quadrupole moment defines the first order response of a molecule

to an external electric field gradient and, unlike the dipole moment,

is origin dependent. It is therefore conventional to choose the

centre of mass for the coordinate origin.

Small differences in the values of the second moments for

different wave functions are magnified after applying Buckingham's

definition of the qudrupole moment. This is a result of the fact that

the tensor is a measure of the shape, or deviation from spherical

symmetry, of the charge distribution, while the second moment is

simply a measure of the absolute size in any direction. Thus, the
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accuracy of the expectation values of the second moment

operators becomes a rather sensitive test of the quality of the

calculated charge distribution.

3. 3 The Third Moments and the Octapole Moment

The third moments of a charge distribution are given,

again relative to the centre of mass, by:

'c' = Z. ZN'rNa"Ca"rN|3 "Cp
- I •

where C represents the position of the centre of mass and a ,(3

and 'Y denote the components along one, two or three of the

coordinate axes.

In practice, only the zzz, xxz and yyz components have

non-zero values and Buckingham [34 ] defines the quantity:

R = R + R + R
z xxz yyz zzz

, 2S
which is somewhat analogous to the quantity r ^> . From Rz

he then defines the non-zero elements of the octapole moment

tensor as:

/laaz(C) = H5Raaz(C)-Rz(C) ], where a=x or y,
and

nz22(C)=i[4R^(C)-3R2(C)].

3.4 The Nuclear Magnetic Shielding

Many nuclei possess spin, with a magnitude determined

by the nuclear spin quantum number, I, which for different nuclei

may range from \ to ^/2- Just as a magnetic moment is associated
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with the spin angular momentum of an electron, so too is a

magnetic moment associated with the nuclear spin, and one may-

write that

* VAI •

where VA Is the magnetogyric ratio of the nucleus in question.

Y A is often written in terms of the nuclear magneton, (3
which is the analogue of the Bohr magneton, but with the mass

of the proton replacing that of the electron.

(3 = = 5.051 x 10"27 JT_1 = 5.051 x 10"21 JG"1A 2m

f— 1 T
* '

A gA "fi

where g is the dimensionless nuclear g-factor. The productJri

g I is often called the ' magnetic moment" of the nucleus even

though it is not the magnitude of the moment, which is
i_

g [l(l + l) ]2 (in units of the nuclear magneton), but is only the

maximum projection of the moment. The neutron, n, although

uncharged has a magnetic moment, and the moment of a complex

nucleus is not the sum of the magnetic moments of the component

protons and neutrons. The first point may be used to emphasise

the naivety of associating the magnetic moment of a particle

with a rotating charge, and the second to illustrate the complexity

of nuclear structure. Nuclei of even mass number and even

atomic number have zero spin, which probably represents a pairing

of the spin moments of the nucleons within the nucleus.

When a bare nucleus in a magnetic field of strength B is

irradiated with some form of radiation of frequency y , resonance

occurs when:
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* "o-^Ab-

where to = 27fV . For a real molecule, the field induces
0 0

currents in the electron clouds which give rise to a magnetic

field which can oppose or augment the applied field. Thus, the

local field may differ from the applied field in a way determined

by the electronic structure, when:

* W0 = gAPABloc'
where B, can be divided into a part that is equal to the appliedloc

field, B, and another induced field, B1, which is proportional to

the applied field, so that:

B' = - ff B

•'* ^ W0 = gAP A(B+B,) = gAP A(l_Cr)B'
and so defining the shielding constant, CT . This varies according

to the chemical environment of the nucleus, and for protons is

-5
about 10 or 10 parts per million. The task if then to evaluate

CT .

There are both a paramagnetic and a diamagnetic current

induced by the field, and so we may distinguish also two

contributions to the shielding constant. It has been shown by

Ramsey [35-37 ] and Flygare [38] that the paramagnetic contributi

to the magnetic shielding is related to the nuclear-spin rotation

A
constants, M , by:

A

P / .
_ , e_^_ , C , Jhc ^
~

2mc ) 2e > -Ivran-<rAN>;;KN j&A a JPa 8a

where jx is the nuclear magneton, g^ the nuclear g-factor for
nucleus A and G is the rotational constant associated with the a

a
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principal axis of inertia. The quantity most easily dealt with

is the average paramagnetic shielding as most nuclear magnetic

resonance spectra are determined for fluid samples, giving a

rotational average of the total shielding. Then, from these two

experimental values the average diamagnetic shielding constant

can be calculated.

The elements of the diamagnetic shielding tensor are

computed from:

< <a> = < t{0) I Z i&Sop J"u rl0)>'
so that each element is related to a different component of the

electronic contribution to <^ ~~ ^> . For example:
d / , 2 2. 3 \

0"YY °C < (y -z )/r y ,

and

CTd 00 ^-xy/r3 .
xy x '

The elements of the paramagnetic shielding tensor are computed from:

(A) = (™> Re [< A '0> | XZiA'F'L | -ff.(1) >j ■
where i-s I'16 a component of the angular momentum of electron

i about the point A and j_s p component of the first order

correction to the ground state wave function , due to the applied

magnetic field. Re ^ j denotes the real part of the quantity
in the brace s.

.(0)

The average diamagnetic shielding tensor is simply related
1

2 r
to the electronic contribution to ^ , by:

^)=<fexy(0,JEiAiA
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3.5 The Magnetic Susceptibility

As with the nuclear magnetic shielding, the magnetic

susceptibility of a molecule with a total electronic spin and

angular momentum of zero is the sum of two terms [39]: a

diamagnetic term which depends only on the ground state wave

function and a paramagnetic term which depends on the response

of the system to an applied magnetic field. Thus, the components

of the total magnetic susceptibility are given by:

^
op ^ a(3 + ^ a(3 '

where:
2

d , , ,e N . . , (0)
/V,

and:

*VC) = - & <-tm I ItfcS* -<ricb(ric»pJ •

= <V(0) I Z^icb yV1'! •
In these two equations, N is Avogadro's number, the origin C refers

to the centre of mass and (^^)a anc* ^ ^ have the same meaning
as for the paramagnetic contribution to the magnetic shielding. It

has been shown by Wick [4 0, 4 1 ] and Ramsey [4 2, 4 3 ] for diatomic

molecules, and Eshlack and Strandberg [44 ] for polyatomic

molecules, that the diagonal components of the paramagnetic term

are related to the molecular g-values by:

f Si

(i)

: M " 2 X ZN^RNC ^RNC^ J | 'a p J

where g is the cm-component of the g-tensor, is the rotational

constant associated with the a principal axis of inertia and M is
P

the proton mass.

Most experimental determinations are of the average

magnetic susceptibility. The average diamagnetic susceptibility
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is easily computed from the expectation value of r using the

following equation:

<vg<c>=- & < yo) pi
2

iC
/(°K"f >

The anisotropic diamagnetic susceptibility components

. i d wd . . . / 2 1 2 v
?\j aa ~ Kj are ProPortional to I"6 anisotropics, q a r /av g

in the second moments of the electronic charge distribution [4 5]

and are thus closely related to the quadrupole moment components.

The experimental data [45] provide much greater accuracy for

the anisotropies in the diamagnetic susceptibility tensor than for

the individual components of the tensor, or for their average.

Experimental diamagnetic susceptibilities are actually obtained by

subtracting the computed paramagnetic contributions from the

measured total values.

The expectation values of interest for the components of

the diamagnetic susceptibility are as follows:

> %^y cc <-xy>,

?<Lyy cc<x2-z2> , <"xz>'
oc<x2-y2> > ?6yz CC < -yz > .

3.6 The Electric Field at the Nuclei

The electric field at any atom is given by:

E«lA> = Z V<rNAVrNAJ - <P0> [ I I^AVP | t{0)
where a denotes one of the coordinate axes. The electric field is

used to calculate the net force on the atom, which is discussed in

the next section.
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3.7 The Forces on the Nuclei

A very sensitive test for the quality of a wave function is

provided by the electrostatic forces exerted by the computed charge

distribution and by the other nuclei on each nucleus in the molecule.

According to Hellman [4 6] and Feynman [47 ] the forces holding the

nuclei together in a molecule may be given an entirely classical

interpretation once the electron density has been computed from

an exact solution of the Schrodinger equation. These forces are

exactly balanced in equilibrium by the repulsions between the

different nuclei.

Stanton [4 8] and Kern and Karplus [4 9] have shown that

this theorem also applies to exact Hartree-Fock wave functions.

Thus, for a molecule at a geometry corresponding to a minimum

on the appropriate potential energy surface, the computed electro¬

static forces should vanish if the wave function is exact, or the

Hartree-Fock wave function. At any geometry, the forces in

any direction should at least add up to zero, since there is no

net force on the molecule in the Hamiltonian.

In practice, as it is not possible to calculate the Hartree-

Fock wave function, just an LCAO approximation to it, this

criterion can be used to measure in a semi-quantitative sense

how closely a particular LCAO-MO wave function approximates

to this limit. Any force calculated is then due to both a slightly

incorrect geometry and the incompletely optimised wave function,

and the amount attributable to each will be impossible to determine.
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At first sight this seems to be a much more sensitive test of the

extent of optimisation than the virial, but for a diatomic molecule

in minimal basis the error in the virial is equivalent to a force
-4

of approximately 4 x 10 dynes between the nuclei. This force

is not excessive when one considers it relative to the errors in

the geometry which amount to distances of the order of 0.01 a.u.

The product of this force over these kinds of distances gives rise
-3

to energies of the order of 10 ergs, or less than 0.01 a.u.

The force on a nucleus is simply equal to the charge on

that nucleus multiplied by the electric field at that nucleus.

3.8 Electric-Field Gradient

The field gradient at a nucleus in a molecule depends only

on the ground state molecular wave function. Thus, the measurement

of field gradients provides a sensitive probe of the distribution of

the electrons in molecules. By measuring the orientation of the

field gradient tensor of a particular nucleus in a molecule, the

direction of the valence orbitals of the associated chemical bond

may be inferred and then compared with the molecular geometry.

Sternheimer [50, 51 ] has shown that the presence, in an

atom or molecule, of a nucleus with a quadrupole moment causes a

corresponding induced quadrupole moment in the inner electron

shells. This induced quadrupole moment, interacting with the

outer electron shells, produces an additional contribution to the

quadrupole electric-field interaction in lowest order. The present

calculations will not, however, incorporate Sternheimer1 s

correction as Kahalas and Nesbet [52] have shown that these
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corrections for Hartree-Fock wave functions are zero if

Brillouin's theorem holds.

The explicit form of the field gradient tensor is:

qap 'A' = ' YJ ZN '3'RNA'<z'RNAV ^ ap RNA ^'RNA

+ <rtwzi3(riA(riA>P -

The field gradient components are computed at each nucleus in the

principal axis coordinate system, which diagonalises the tensor.

This system is the same as the x, y and z axis for all linear molecules

and for atoms of a non-linear molecule which lie on the principal axis.

Fig. 6.1 shows the principal axis coordinate system for silylene

where the principal axes for the hydrogens have been labelled A, B

and C.

For asymmetric molecules, q anc* an asymmetryCC "BB

parameter may be defined, given by:

y = | qCC"qBB -qAA | "
The angle of rotation between the two axis systems is also usually

reported.

3.9 Quadrupole Coupling Tensor

This is the energy of interaction between a quadrupole

and an electric field gradient, and is given by:

^VA> = -eiVA)jV h ,

where (A) is the aft -component of the field gradient tensor at

atom A and its quadrupole moment. If Q is know, the

measurement of eQq gives valuable information about the molecular

wave function. Unfortunately the measurement of Q usually

2 , . 5 JO)
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involves eQq, so that theoretical chemistry can render a valuable

service to nuclear physics by providing an accurate value of q.

This has been done for HD and [53, 54 ] leading to an accurate

value of the quadrupole moment of deuteron. In general,

however, accurate calculations of q are not possible, and the

information derived from eQq depends on its measurement for

the same nucleus in different molecules. The variation can then

be used to provide information about the type of bonding.

From spectroscopic measurements one obtains eQq ,
zz

which is usually known as the quadrupole coupling constant and

simply referred to as eQq with no coordinate subscripts.

3. 10 Molecular Polarisabilities

When a molecule is exposed to some external electric

field there will be a first order interaction between the field and

the molecular dipole moment. In addition to this effect, however,

the field induces a molecular dipole moment which then interacts

with the applied field. This second order effect is known as

polari sation.

The molecular polarisabilities have not been reported in

this work, and they are only being mentioned here for completion.

The method of their computation has been discussed in detail by

McLean and Yoshimine [55 ].

3.11 Hyperfine Coupling Constants

The hyperfine splittings are due to the coupling between

the electronic and nuclear spin magnetic moments, and are



obtained from the analysis of Electron Spin Resonance spectra.

If the values of the coupling constants (here denoted by A) are

small relative to the applied magnetic field, the usual second-

order solution of the axial spin Hamiltonian [56 J can be used to

extract them along with the g tensor:

H=g ,pH S + g, (3 (H S + H S ) + A I S + A , (I S +IS).eH z z SJA ^ x x y y 11 z z -LK x x y y'

The parallel and perpendicular line assignments are based on

characteristic line shape and intensity considerations. anc*

are related to the fundamental molecular properties by the

following equations:

A. =4 (A., + 2A ),iso 3 11 _L
and

Adip = 3 ^All ' A_lJ'
A. refers to the isotropic s-electron contribution to the hyperfine

1 so

interaction called the Fermi contact hyperfine splitting; and A^
refers to the dipolar anisotropic contribution of the p- and a-

electrons. These are then the properties calculated from the

wave function.

The Fermi contact hyperfine splitting at nucleus A is

calculated from:

8 7T ,

Aiso(A) = ' gePegAPA | ^°»
where g and g are the electron and nuclear g-factors, 3 and 3

e A 5 e A

I I 2
are the Bohr and nuclear magnetons and J 'y^(O) J is the spin
density at the nucleus as given by [57 ] :

(0)|-y-(o)| ^ =<y30) £Xi £'vV > .
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In this equation ryfr' ^ denotes the ground state wave function,

S
. is the z-component of the one-electron spin operator, r., and

r^ denote the electron and nuclear positions and the summation is
over all electrons. Physically | 'n^(O) J is just the net density
of electron spin at a position r in space; that is the number of

3
electrons per (Bohr) with u-spin minus the number of electrons

3
per (Bohr) with (3-spin.

The Fermi contact term is a very good test of the behaviour

of the wave function at a nucleus. There is, however, a serious

deficiency in the RHF approximation in that for many open-shell

species, it predicts an identically zero Fermi contact interaction

while the experimental spin density is known to be non-zero. This

is the primary motivation for the use of the UHF method, in that

having no pairing of electrons, a non-zero spin density will be

predicted. In general, the agreement between UHF and experimental

spin densities is very poor, as finding an analytic basis set capable

of yielding true UHF spin densities is a difficult task.

The dipolar anisotropic hyperfine coupling constant is

given by:

Adip(A) =gePegAPA ^ cos20
where r is a radius vector connecting the nucleus and the unpaired

electron. This interaction vanishes for radicals in solution in

which there is rapid reorientation of the radicals, and although

the elements of the anisotropic coupling tensor may be obtained

from single crystal studies, there have until recently been rather

few theoretical studies on this contribution. For a radical with

some defined axis system, the last equation simply represents the
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projection of the anisotropic tensor on the z,-axis and is usually-

given by the more familiar expression:

Bz<A) = ge|3egAPA«3zZ-r2)/r5> '

and there are equivalent expressions for the x- and y-components

also. The s-type electrons centred on the nucleus in question

contribute nothing to the anisotropic coupling, but the angular

dependence of a single p-electron is such that it will produce a

cylindrical hyperfine tensor with a maximum value of 2B oriented

parallel to the p-orbital axis and two equal components of -B at

right angles to the p-orbital. The anisotropic hyperfine coupling

constants are therefore usually quoted as values of 2B and B ,

where ff is x, y or z depending on the orientation of the molecule.

3.12 Population Analysis

The idea of a population analysis was extensively

developed by Mulliken [58] and has proved to be a valuable tool

in discussing and comparing the results of electronic structure

calculations. Basically, it consists of partitioning the total

molecular charge distribution into atomic contributions and

overlap (or bond) contributions. The atomic contribution is

interpreted as that part of the molecular-orbital charge density

associated with that particular atom. The overlap density is

then interpreted as that part of the orbital density associated

with the bond linking any two atoms. This can be simply

represented by considering two atomic orbitals A( r) and B(r)

of a diatomic molecule, AB. Then let /yr". be a molecular
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orbital which is a combination of these two atomic orbitals,

such that:

= a.A(r) + b.B(r).

The corresponding molecular orbital charge density function is:

P(l)(r) = | ^(r)\ 2 = F^(l)(r) + P^(r) + P^ ( r),
whe re:

P^(r) - a*a.A(r)*A(r),
(1) * *

PL (r) = b. b.B(r) B(r)B 11

^"Od / • \ -A. ,1; JU

P\Mr) = a? b.A(r) B(r) + b7a.B(rf"A(r) .ABV ' ii l l '

P^^(r) and piP(r) are then the two atomic contributions and
A ' B

P r) is the overlap contribution.
AB '

The molecular charge density function, P(r), which is the

sum of the molecular orbital contributions, P^(r), is in principle

independent of the method by which it has been calculated. Its

partitioning into atomic and overlap densities is, however,

highly sensitive to the way the wave function is constructed; that is

to the numbers and types of atomic orbitals used as basis

functions. Thus, for example, one would calculate a molecular

wave function of any desired accuracy in terms of a sufficiently

large basis of atomic orbitals all centred on some arbitrary point.

A population analysis would then give net and gross populations

at this point equal to the total number of electrons in the molecule

and zero for all other points. This is an extreme example of the

use of an "unbalanced basis set" [59]. A balanced basis set is

one for which the number and type of atomic orbitals allow all

the atoms to make equally flexible and balanced contributions to
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the delocalisation, polarisation and contraction effects that

accompany the formation of a molecule. Such a basis set might

consist of a double-zeta set on each type of atom but there are no

simple general rules for the construction of balanced bases, and

even the use of apparently well-balanced bases does not necessarily

guarantee consistent results. The Mulliken population analysis

may also be criticised for the equal division of the overlap

populations between pairs of atoms. Such a division is clearly

unrealistic unless the atoms are equivalent, particularly when the

centroid of the overlap distribution lies much closer to one nucleus

than to the other. The overlap distributions actually provide

information as to the nature of the bonding in a molecule, but

these again can be highly sensitive to the basis set type.

The last paragraph might suggest that the Mulliken

population analysis can sometimes give a quite misleading picture

of the distribution of charge in a molecule. On the other hand,

there is some evidence that the relative values of the charges in

a molecule or in a series of related molecules do often reproduce

the essential features and trends of the electron distribution, and

that they can be correlated with the relative values of other properties.

For example, compare the work on methane and fluorinated

methanes by Hehre and Pople [60 ] and Brundle, Robin and Basch [61 ].

Despite all these drawbacks, Mulliken population analyses

are currently widely used for interpretative purposes, mainly

because of the ease with which the populations can be calculated.

The basis-dependence can be avoided in general only by computing the

atomic and bond charges directly from the charge-density function as
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in the method of Politzer and Harris [62 ] which can be

extended to include bond charges by the definition of suitable bond

regions [63]. The arbitrariness of the charges, whether arising

from the different possible ways of partitioning the overlap

populations or from different ways of defining atomic and bond

regions in more direct methods, cannot, however, be avoided.

It must therefore be concluded that no theoretical method of

assigning charges to atoms and bonds can be entirely satisfactory.

The Mulliken population analysis is then probably as good (or as

bad) as any other method and, if used with some caution and with

proper regard for its limitations, can provide a valuable set of

indices for the characterisation of the electron distribution. This

method has been used extensively in this work.

The most direct way of visualising charge distributions

is from electron density maps. Although we have facilities for

producing these in this laboratory, we have not yet developed a

streamlined process for their production from the wave function.

Thus, electron density maps are not reported in this work.
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4. COMPUTATIONAL ASPECTS

The purpose of this section is to outline some of the

computer programmes available for obtaining approximate solutions

of the Schr'odinger equation, with particular reference to those used

in this work. The opportunity will also be taken here to mention

the kinds of problems experienced during the production of locally

executable versions of standard programme packages.

It is useful to distinguish between the various "levels" of

calculation possible, in order to avoid any confusion. A calculation

at a non-empirical level is one in which the actual Hamiltonian is

used and one calculates exactly all the quantities needed using a

given trial function. A calculation at a semi-empirical level is one

in which we proceed as for a non-empirical calculation, but in this

case quantities that are difficult to calculate exactly are estimated.

These estimates may be based on numerical approximations, or

may be made by appeal to experiment; the quantities being regarded

as parameters, and are adjusted in order to fit any available data.

Finally, a model level calculation is one in which the actual

Hamiltonian is replaced by a simpler "model" Hamiltonian,

representing an idealisation of the actual situation. The model

Hamiltonian may lead to an exactly soluble problem, and frequently

contains adjustable parameters. As the calculations reported in

this work are solely at the non-empirical level, this section will

be concerned only with programmes used for such calculations.

In practice, non-empirical calculations are performed

using electronic digital computers and this discussion will therefore

turn towards the full automatic implementation of the methods
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main sections for the production of a wave function, namely

the choice of basis set, the evaluation of integrals and the

optimisation of the wave function, and to outline in general some

of the computational problems involved in each.

There are three main criteria for a "good" basis set.

Firstly, the functions must show the correct general behaviour

of the orbitals both at the nucl ei and at large distances from the

nuclei. Secondly, they should lead to integrals which can be

evaluated with reasonable ease and thirdly, the number of functions

needed must not be too large. To perform a calculation using m

basis functions, -|m(m+l) one-electron integrals (n) and ^n(n+l)

two-electron integrals have to be evaluated. Thus, it is evident

that the number of two-electron integrals becomes very large

indeed as m increases. Apart from their calculation, even the

storage and manipulation of such large collections of numerical

values will set limits, in terms of store size of the computer, on

the size of the basis set that can be employed.

To obtaip accurate results without an excessively large

basis set, the individual basis functions must be chosen with

great care. In 1930, Slater suggested that the exponents could

be calculated from (Z-s)/n', where Z is the actual charge on the

nucleus, s is the screening constant and n' is an effective quantum

number. Slater's rules [5], derived from empirical considerations,

provide values of s and n' for atomic orbitals with principal

quantum numbers of one to six. The only way of determining the

optimum orbital exponents for a molecule is to repeat the molecular

calculation many times, with different values of the exponents and
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hence to determine those exponents which do actually minimise

the energy. This is clearly a time consuming procedure, but

it does result in a noticeable improvement in the energy.

Normally, however, it is prudent to start from optimum

exponents from atomic calculations which are not usually too

different from those for molecular calculations. There are

many tabulations of these functions available, reference to those

used in this work will be given in the appropriate sections.

Surprisingly, in most cases the energy optimised exponents

are not a great deal different from those obtained by Slater's rules.

Often, however, it is found less expensive to increase

the size of the basis set to obtain a lower energy than to optimise

the orbital exponents. As the number of functions is increased

we begin to approach the Hartree-Fock limit discussed in the

theory section. For the ground states of atoms from lithium to

argon, the exact RHF energy is obtained using only a basis of s-

and p-functions, hydrogen and helium requiring only s-functions.

On molecule formation, however, .functions of higher angular

quantum number must be added to the basis set to describe the

distortion of the atomic orbitals. The importance of these

functions, called polarisation functions, was first emphasised

by Nesbet [64 J, and reliable calculation of many properties of

chemical interest necessitates the inclusion of such functions

in the basis set. The choice of polarisation function exponents

can be somewhat difficult as very little systematic work has been

done on their usage [65,66 ]. Schaefer [67], however, points

out that the total energies are not too sensitive to small
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variations in exponents. This we have found to be the case,

although other molecular properties, particularly those related

to the bonding, have been found to change substantially on

polarisation function exponent optimisation. The exponents

for the polarisation functions used in thi s work have either been

optimised for other molecules containing the same atoms, or

optimisation has been carried out as part of the energy

minimisation procedure.

Before the advent of large computers, the difficulty

involved in evaluating the required integrals was undoubtedly

the biggest obstacle to progress in molecular calculations. Even

with a computer it remains a formidable task. For the

calculations reported here, about ninety percent of the time

taken to perform an LCAO-MO-SCF calculation was taken up in

enumerating and evaluating the integrals. The real difficulty

arises because of the electron repulsion integrals, which are

six-dimensional and may involve up to four centres. To

evaluate such integrals by direct use of any of the more

conventional techniques of numerical integration would be clearly

very time consuming, and it thus seems necessary to perform

as much analytical reduction as possible, before resorting to

purely numerical methods.

Repulsion integrals over Gaussian type functions are

much easier to evaluate than those over Slater type functions.

This is basically because the product of any two Gaussian functions

on any two centres can always be expressed as a single Gaussian
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function centred at some point on a line joining the two centres.

Gaussian functions are thus widely used in molecular calculations,

but they are not without their drawbacks. It is well known that

many more Gaussian functions are needed to obtain a wave

function with an energy comparable to that obtained with a given

number of Slater functions. The number c£ Gaussian functions

needed is somewhere between two and five times the number of

Slater functions. Thus, many more integrals have to be computed

and the amount of computer time needed for comparable accuracy

may not, on balance, be much reduced. Another disadvantage

of the Gaussian function is its incorrect behaviour near the origin,

which adversely affects their reliability in the evaluation of

electronic properties that depend on the form of the wave function

close to the nuclei. On the other hand, the asymptotic rate of

decay of the Gaussian function with respect to the distance of any

electron from the nuclear frame work is too rapid; the wave

function should exhibit some form of exponential decay, so care

must also be taken in evaluating properties that depend on the

outer regions of the wave function.

The situation outlined above seems to be fairly general.

If one chooses a good basis set, the integrals are intrinsically

difficult to evaluate, and if one chooses a basis set from which

the integrals are easy to evaluate, a larger number of functions

are required to get the same accuracy. Efficient methods of

integral evaluation have been the subject of much study, with

orders-of-magnitude increases in speed being achieved by modified

algorithms in the implementation of existing techniques.
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The most used method of saving integral computation is

by the use of symmetry, not only because integrals between

functions of differing symmetry are zero, but also because many

integrals are found to be equal to other integrals from symmetry

considerations. It is therefore important to be able to recognise

these instances to avoid redundant calculation. Only the former is

used in IBMOL Version 5 [68] where the integrals are computed

with symmetry-adapted basis functions. This is an improvement

over Version 4 [69] in which the symmetry transformation is

carried out after the integrals are computed. This transformation,

however, can turn out to be as time consuming as the integral

evaluation itself. MOLECULE [70] and POLYATOM [71] go one

step further in recognising which integrals are equal by symmetry,

so that only one of a given group need be computed. Another way

of saving integral computation time is by a process called "batching".

This is when integrals which have common features are computed

together. To be useful, these common features should be that

either the integrals have a common exponent ox that the exponents

are located on the same centre. The most common example of this

would be where there are three p-orbitals on a common centre and

of common exponent, or similarly six d-orbitals. The integrals

of such a batch possess many common features, so that the

optimal strategy is to evaluate these first and then to evaluate the

batch of integrals simultaneously. Such a procedure will normally

produce a large enhancement of the rate of calculation of the

molecular integrals, and can be found in MOLECULE [70],

ALCHEMY [72 ] and ATMOL Version 2 [73]. IBMOL Version 6 [74]
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also has an efficient batching process, and even without the use

of symmetry, of the programmes available in this laboratory it is

surpassed in speed only by GAUSSIAN 70 [75].

One integral saving technique peculiar to IBMOL Versions

4 [69] and 5 [68] re-uses integrals computed in a previous

calculation. This is very useful, as in practice calculations are

generally performed in groups as the internuclear distances are

varied or the exponents optimised. Thus, two separate calculations

could have many integrals in common which can be saved and

used again. This technique has been used a great deal in the work

reported here.

Of the programmes mentioned above, we have made use of

one programme using Slater type functions, ALCHEMY [72 ];

four programmes using Gaussian type functions, IBMOL Version 44

[76], IBMOL Version 5 [68], IBMOL Version 6 [74 ] and MOLECULE

[70]; and one, GAUSSIAN 70 [76], in which Slater functions are

represented by a linear combination of Gaussian functions. Basis

sets of this latter type have been extensively investigated by Pople

and co-workers [77 ].

Calculations in Gaussian basis are not normally done with

primitive Gaussian functions, but with what are called Contracted

Gaussian type functions. These were originally proposed by

Clementi and Davis [175] and are formed from a linear combination

of primitive Gaussian type functions with fixed coefficients which

are derived from atomic calculations. There are two reasons for

using contracted functions. Firstly, the time required to solve the

SCF equations is proportional to the fourth power of the number of
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basis functions, so by using contracted functions the SCF procedure

need determine only the coefficients of the contracted functions in

each orbital. Secondly, the Roothaan procedure is iterative and

normally requires many more iterations to converge a large basis

set wave function than a smaller one. Thus, using this approach,

the analytic properties of the Gaussian function can be exploited

during integral evaluation and yet the time required for an SCF

convergence is kept at a reasonable level.

IBMOL Version 5 [68] has three contraction schemes.

The first contracted set is built of functions of the same type and

on the same centre. The second can be used to build "hybrid"

functions (for example, between s- and p-functions) either from the

original set or from the first contracted set. The third then

combines functions on different centres. Thus, the third contracted

set can be used in the construction of the symmetry-adapted set.

The programme is designed so that one can use any contraction

scheme, or avoid contraction all together. The only restriction

is that the final contracted set must have functions which transform

according to the proper irreducible representations for the point

group selected for the molecule. In the case of MOLECULE [70 ],

however, only the equivalent of the first and third contracted sets

of IBMOL Version 5 [68 ] are available. The first set has to be

specified by the user, while the third set, to produce the symmetry-

adapted basis, is produced automatically by the programme from

user-supplied information on the symmetry group of the molecule.

The contraction of Gaussian basis sets should be carried

out very carefully, and after some thought and investigation the
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schemes as recommended by Dunning [78] have been used in

this work. From a primitive Gaussian basis set, it is possible

to use any desired level of contraction, the most obvious being

to contract to the atomic SCF orbitals. In this case each atomic

orbital is described by one contracted Gaussian function and is

called the minimal basis set. Although we have done some

minimal basis set calculations on boron monosulphide for

comparison with the larger basis sets, for the other species

studied the double-zeta level of contraction, where each atomic

orbital is described by two contracted Gaussian functions, is the

smallest one used. This kind of contracted basis set has been

the subject of much work, the idea being to find the contracted

Gaussian basis set comparable with the double-zeta basis set of

Slater functions. Whitten [8] has proposed such a basis set,

composed of ten s- and five p-primitive Gaussian functions

contracted to four s- and two p-functions for molecules

containing first-row atoms. The most efficient double-zeta

basis set is, however,the Dunning. [78] basis set of nine s-

and five p-functions contracted to four s- and two p-functions.

For molecules with second-row atoms, the smallest recommended

primitive basis set is of twelve s- and nine p-functions which is

contracted to double-zeta size of six s- and four p-functions.

Perhaps it would be useful at this point to introduce

the notation used in this work for basis sets. The Slater bases

will be simply described in terms of the numbers of sigma- and

pi-functions. Thus, the s-functions naturally contribute to the

number of sigma-functions, while the p-, d- and f-functions have
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both sigma- and pi-type functions. A typical notation for the

double-zeta basis set of boron monosulphide will then be:

B(6<r , 2tt ) S( 10 cr , 4rr ).

For boron then, there are four sigma-functions of s-type and

two of p-type with two pi-functions of p-type. Similarly, for

sulphur there are six sigma-functions of s-type and four of p-type

with four pi-functions of p-type. In the case of the contracted

Gaussian bases, however, the notation (x, y,_z) will be used for

the primitive bases. This represents x functions of s-type,

y functions of p-type and z functions of d-type. When the molecule

contains atoms from different rows of the periodic table, the

details of each type will be separated by a slash (/). The contracted

bases will have similar representations to those of the primitive

bases except that brackets will replace the parentheses. A

typical notation for the double-zeta basis set of boron monosulphide

will then be:

(9,6/12,9) » [4,2/6,4].

In the execution of this work, use has been made of three

computers: an IBM System/360 Model 195 at Rutherford, an IBM

System/370 Model 165 at Cambridge and our local IBM System/360

Model 44. Programmes which we have obtained from the Quantum

Chemistry Programme Exchange and other laboratories have

generally been designed to execute in about 512 K bytes of core.

The implementation of such programmes at Rutherford is then

generally a straightforward process, with only minor modification

necessary for their local system software. The Cambridge

system allows a maximum of 400 K bytes of core per job and so
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some programmes do require slight modification to comply with

this limit. The real problems occur with our local machine.

This has a maximum core size of 256 K bytes which means that

after the system has been loaded and the required input-output

buffers set up, there is at most about 210 K bytes left for the

user programme.

There are two ways of reducing the size of a programme

without a complete re-write. One way is to cut down the size of

the systems which the programme can handle, or remove some

of the programme options, like using d- and f-functions. The

other way is to reorganise the programme segments in some way

so that only a certain amount of code need be in core at any one

time, and when another segment is required, it over-writes

existing segments in core that are no longer required. This

technique is called "overlaying" [79] and in general, use has to

be made of both these methods to implement programmes on the

360/44 computer.

IBMOL Version 44 [7 6] was developed as a partial hybrid

of Versions 2 and 4, and was designed to execute in 128 K bytes

allowed by one of the multi-programming systems used by the

360/44 computer. ALCHEMY [72] was modified [80] so that the

integral and SCF sections were completely split into two separate

programmes; the maximum allowed basis set being reduced from

150 to 50 functions. IBMOL Version 6 [74 ] also needed

modification [76] and at present the local version is in a form

which cannot process d-functions. All these programmes have

been used at some stage in this work, but the intention now is to
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make a short reference to the development of a local version of

MOLECULE [70], Work on MOLECULE has progressed

throughout the time when the present work was underway, but

there is still much to do before we have a satisfactory local version.

MOLECULE, with its simple overlay structure, was

originally 450 K bytes in length, and the task was to reduce it

to about 200 K bytes. The most obvious way was to cut down the

size of the systems which it could handle. The number of atoms

was reduced from 100 to 10, the number of primitive basis functions

from 260 to 100 and the number of contracted functions from 150 to

75. Many other smaller changes were made to the dimensions of

many arrays with one large reduction being made in the work-space

available for the integral computation. This was reduced from

120,000 bytes to 48,000 bytes. The integral module also contained

a simple closed-shell SCF programme, which had been modified

from IBMOL Version 4 [69]. This contained many redundant

arrays which were removed. The module length was then 240 K

bytes.

The next stage was to look at the overlay to see if it could

be altered in any way. The disadvantage of heavily overlayed

programmes is that their speed of execution can be substantially

reduced as segments in core have to be changed frequently. The

only way to reduce the size further was to use a regional overlay

scheme [79]. It would take far too long to go into details, but

its use reduced the size of the module further to 220 K bytes. It

was then thought that by overlaying some of the system routines

which perform the actual machine operations, an extra 10 K bytes



44

could be saved. This was done in IBMOL Version 5 [68], but

in this case a number of errors were produced. For some reason,

the routines requiring these system routines could not access them.

It was decided that the reason must be connected with the regional

overlay scheme, and the matter was pursued no further. The

same kind of difficulties occurred when common blocks were

removed from the root segment and overlayed against some of

the routines. Finally, on producing another common block from

a dimension statement in one of the SCF routines, the module was

reduced to 217. 27 K bytes. Then by using a very small blocksize

for the input - output buffers, the first execution of MOLECULE was

obtained.

This is then the state of the local version of MOLECULE

at present. The integral work-space has been cut so much that

only s- and p-functions can be handled without running into storage

problems. Owing to the complicated overlay structure, during

the calculation of each integral, a call has to be made to slow store

to load a different segment. Finally, the input-output buffer

blocksizes are so small that there is a write to slow store every

few seconds. The integral computation speed is thus comparable

with that of IBMOL Version 5 [68], and a completely different

approach is necessary. This will involve the production of two

versions. The first to handle cases with no d-functions,

incorporating all the different algorithms for the different types

of integrals, and will consequently be fast for those cases. The

second version will handle cases with d-functions, but some of the

special algorithms will have to be replaced by a general routine
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which will calculate different types of integrals. This version

will be slower than the first but orders-of-magnitude faster than

the present version.

It is hoped that an efficient MOLECULE package will

be available on our local machine in the near future.
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5. BS: The Boron Monosulphide Radical

5. 1 Introduction

Gaseous boron monosulphide can be produced by heating

a mixture of zinc sulphide and boron in a double Knudsen cell made

of tungsten [81 ]. The ZnS/B sample is vapourised in the cooler
o

portion of the double cell at temperatures in the range 800-900 C,

when the predominant vapour species are Zn, ®2^2 anc' ^2^3'
The boron sulphides are then dissociated to some extent in the

hotter portion of the cell at 1725°C.
Interest in boron monosulphide was first stimulated by

the aforementioned paper by Brom and Weltner [81 ] who reported

its ESR spectrum. For several years, this laboratory has been

interested in small transient radicals which are difficult to prepare

and keep for any length of time. The closed-shell species, HBS,

had already been studied in this laboratory [82 ] and the study of

the radical BS was a logical development, especially since it was

hoped that at some point in the future the H + BS HBS potential

energy surface could be studied.

The study of boron monosulphide was not, however,

restricted to the calculation of the geometry and molecular

properties. During the course of the work, a comprehensive

comparison of Slater and Gaussian basis sets was made. This was

considered a useful exercise as there has been only one such

extensive comparison reported in the past, which dealt with the

closed —shell species HF [83]. Boron monosulphide, even with

its second row atom, was small enough for quite large basis sets
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to be used. Nevertheless, the largest calculations required

about ten hours of 360/44 time, and so strict computational

economy had to be observed.

5.2 Experimental Observations

The electronic spectrum of boron monosulphide was first

investigated by Zeeman [84 ] in 1951 and then again by Koryazhkin

and Mal'tsev [85 J and by McDonald and Innes [86] in the late

sixties. Zeeman observed three band systems in an electric

discharge through boron trisulphide, which he attributed to the

boron monosulphide radical. These three band systems he called

the a, the blue-green and the y systems. He interpreted the a

2 2 _i

system as belonging to the A'"IT > X 2, transition and
2 2_)

the Y system as belonging to the C U —; =?• X 2+ transition.

He was unable, however, to give any satisfactory interpretation to

the blue-green system. Included in the reported spectroscopic data

were the bond lengths for the three states, 1.6091 R, 1.8177 R and

1.7116 % respectively; the force constants for the three states,

5 .1 4 -1 5
6.718 x 10 dyne cm , 2.737 x 10 dyne cm and 3. 84 3 x 10

dyne cm and the excitation energies to the two excited states,

191.4 kJ mol and 466.5 kJ mol ^.
McDonald and Innes [86] extended the work of Zeeman

to include the blue-green band system, which they called the

5000 R system, and also other new systems which they had observed,

the 3140 R and 5100 R systems. The 5000 R system was assigned

2 + 2 -i-T- o
to the B 2, > A u . transition, and the 5100 A system to
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another transition, although they were unable

to be more specific. The 3140 R system was assigned to a

1 1
A. > A IT. transition, and again they were unable to be

l l

more specific about the A state.

The electronic configurations of the first four states were

thought to be as follows:

KKL (zcr)2 (y<r)^(wir ) (xcr) X

(ycr)2(w7T )^(xcr)2 A^HV
(y<r) ^wtt )4(xcr)2 B2Ib +
. ,2, ,4. .0. .1 ' 2-(ycr) (wtt) (xcr) (vrr) C J1 .

In addition, the A state was thought to arise from the promotion of

an electron from the filled wtt orbital to the vtt orbital, giving

the configuration:

( \2( \3/ vl, xl 2,4—i+ 2,4 «—-i - .2,4(ycr) (wit ) (xcr) (Vtr ) ^ > A, and A •

1.807 R was reported for the bond length of the B + state and

1. 823 R for that of the A^IT . state which is slightly different
2

from the earlier result of Zeeman [84 ]. For the A^ state, the
reported bond length was 1. 854 R and 4 34.2 kJ mol * was reported

2 —* +
for the excitation energy to the B A state.

The only other experimental work on boron mono sulphide

was the report of its ESR spectrum by Brom and Weltner [81 ].

Either a quartet or a septet pattern was observed depending on

whether ^B or ^B was used. The main source of the information

was provided by the isotropic hyperfine interaction of the odd

electron with the *^B or ^B nucleus, which yielded a spin density

33
at the nucleus of the atom. The hyperfine splitting due to the S
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nucleus was also observed, as it is present in about one percent

natural abundance, but owing to impurities present and the

presence of multiple trapping sites in the matrix, no confident

assignment of the hyperfine coupling constants could be made.

For ^BS, 9b. 14 G and 97. 64 G were reported for the

isotropic hyperfine coupling constants in neon and argon matrices

respectively and 284. 14 G and 292. 11 G for those of BS.
33

5. 8 G was reported for Aj^ of S, and in the case of boron, the

Ai values are about five percent less than the A. values.J- ISO

Thus, as a rough guide, 5 to 6 G is a probable value of the
33

isotropic hyperfine coupling constant of B S. Brom and Weltner
10

also reported anisotropic hyperfine coupling constants for BS

and ^BS in both neon and argon matrices. For ^BS, these

values were 10. 30 G and 10. 86 G respectively.

5.3 Previous Calculations

The only previous calculation on boron mono sulphide found

in the literature was a CNDO/2 study by Brom and Weltner [81 ] in

connection with their investigation of its ESR spectrum discussed

in the last section. They calculated 0. 542 a.u. , for the spin
11 33

density at the B nucleus, and 0.07 a.u., for that at the S

nucleus: these compare with experimental values of 0.555 a.u.,

and 0.05 a.u., respectively. The calculated value of

2 3
<((3cos 9 - 1) /r y used in the calculation of the dipolar hyperfine

tensor at the B nucleus was 0. 275 a.u. , which also compares

well with the experimental value of 0.338 a.u. One interesting
2

result from this calculation was that they showed the C IT state
r
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2-rr
to couple more efficiently than the A II . state with the ground

state, even though it is of higher energy. This is because the

wtt molecular orbital is predominantly on S while the vtt

and xcr molecular orbitals are predominantly 3p. on B. The

experimental values for the spin orbit splitting [84 ] and the spin

doubling constant [86] also support the predominant interaction
2 _

between the C Tl state and the ground state.

5.4 Ground State Calculations

The calculations were carried out using both STO and

GTO basis sets. Five different STO basis sets were used and

their compositions are as follows:

51. Minimal Basis S( bcs , 2m ) B(3cj- , Itt ).

52. Double Zeta Basis S(10©-,47r ) B(6<3-,2tt ).

53. Double Zeta + Polarisation Ba sis S( 1 Zcf , bm ) B(8cr,4ir).

S4 . Best Atom + Polarisation Basis S(13<t,7tt ) B( 1 lcr, 6nr ).

S5. Near Hartree-Fock Basis S(19e~, 1 lir ) B( 1 3<o , 7tt ).

Basis sets S1,S2,S3 and S5 were taken from Huzinaga's tables [87 ],

while S4 was taken from McLean and Yoshimine's compilation [88].

Polarisation function exponents for sulphur were taken from calculations

on SCO [88] and those for boron from calculations on BCN [80 ] and

BF [88]. Basis sets S3 and S4 have one set of both 3d- and 4f-

polarisation functions on both atoms, while basis set S5 has two sets

of 3d- and one set of 4f-polarisation functions on both atoms.

Initially eight Gaussian basis sets were investigated, with

and without polarisation functions on one or both atoms. Their

compositions are as follows:



G1. Minimal Basis (7,3/9,5) >[2, 1/3,2]

G2. Double Zeta Basis (7,3/10,6) —>[4,2/6,4]

G3. DZ + Single Polarisation Basis (7,3/10,6,1) —>[4 ,2/6,4,1]

G4 . DZ + Double Polarisation Basis (7,3,1/10,6,1) •—>[4 ,2,1/6,4,1]

G5. Extended Double Zeta Basis (9,5/12,8) -—>[5,3/7,5]

G6. Extended DZ + Single P Basis (9,5/12,8,1) >[5,3/7,5,1]

G7. Extended DZ + Double P Basis (9,5,1/12,8,1) —>[5, 3,1/7,5,1]

G8. Best Atom + Double P Basis (11,7,1/12,9, 1)—>[6, 5,1/7,6,1]

All the exponents were taken from Huzinaga's tables [87 ] and the

contraction schemes were derived as suggested by Dunning [78].

The 3d-polarisation function exponents were given valus of 0. 6 and

0.4 for sulphur and boron respectively. No exponent optimisation was

carried out for these calculations.

The computed minimum energy configurations were obtained

for these thirteen basis sets. Only a limited number of calculations

were done with basis sets G3.G5 and G6, as more emphasis was

placed on those with polarisation functions on both atoms. The

optimum wave functions were subjected to the usual Mulliken

population analysis [58], and the stretching force constants,

dipole moments and isotropic hyperfine coupling constants were

calculated for all basis sets. In the case of the STO basis set

calculations, however, a number of other molecular properties

were also computed.

5.5 Ground State Energy and Electronic Configuration

As with its first row analogue boron monoxide [90 ], boron
2 ^-<4*

monosulphide has a ground state, with electronic configuration:
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(lcr)2(2<r)2(3<r)2(l<Tr )4(4<r )2(5cr)2(6<r)2(2-rr )4(7cr)1.

The computed equilibrium bond lengths, total energies and stretching

force constants for the Gaussian basis sets are given in Table 5. 1,

and the equivalent quantities plus the virial ratios are given in

Table 5.2 for the Slater basis sets. These two tables manifest a

number of very interesting points. Firstly, the deficiency of the

Gaussian basis set s as compared with their equivalent Slater basis

set s, the energy being about 0.02 a. u. , lower for the Slater base s.

Secondly, the bond lengths for the two different types of basis set

are quite similar with a tendency for it to decrease as the basis set

size is increased. The values are generally fairly close to the

experimental value of 3.0405 bohr. The largest Slater basis set

gives a bond length about 0.034 bohr too short, with the largest

Gaussian basis set slightly better at about 0.016 bohr too short.

It is not clear whether or not this difference reflects a different

balance in the basis set composition, as none of the Gaussian bases

have more than one polarisation function per atom. This short

bond length is, however, typical of RHF calculations [67 J.

Thirdly, and perhaps the most interesting point, is the effect of
»

polarisation functions on the bond length. This is shown

particularly well in the case of the Gaussian basis sets. Consider

the two groups of basis sets G2,G3,G4 and G5,G6,G7, the double-

zeta and extended double-zeta basis sets. With no polarisation

functions, the bond length is longer than the experimental value.

Adding polarisation functions to sulphur decreases the bond length

to below the experimental value, and adding them to boron decreases
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it still further. This clearly shows the effect of polarisation

functions on the bonding of this species, with their addition bringing

the two atoms closer together. This will be considered in more

detail when discussing the population analyses.

The orbital energies calculated at the computed minimum

energy configurations for the various basis sets are given in

Tables 5.3 and 5.4 . For the Slater basis sets, the computed values

for bases S3,S4 and S5 are very similar and significantly different

from those for the smaller bases. The values for the three largest

Gaussian basis sets are also very similar with significant

differences from those for the smaller bases, though here the trend

on adding polarisation functions is also apparent. The addition of

such functions generally lowers the orbital energies, the largest

effect coming on the addition of the first set of polarisation functions

to the sulphur atom.

5.6 Population Analyses and Bonding

In the ground state of boron monosulphide there are six

closed-shell sigma orbitals, two closed-shell pi orbitals and one

open-shell sigma orbital. The population analyses from both the

Gaussian and Slater calculations are quite similar, showing the

same kind of trends on increasing the size of the basis set. The

Slater calculations produce only the atomic populations decomposed

into orbital contributions, while the population analyses from the

Gaussian calculations are much more informative, producing a

more detailed decomposition of the electron density. Since the

whole concept of the population analysis is rather arbitrary, the
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intention here is to discuss only the main features of the electron

occupancy and the bonding.

The first five orbitals are essentially the inner atomic

orbitals of either sulphur or boron. The first and second sigma

orbitals are derived from the Is and 2s atomic orbitals of sulphur

with the third sigma orbital being derived from the Is atomic

orbital of boron. The next lowest energy orbital is the first pi

orbital which is derived from the 2p and 2p atomic orbitals of
x y

sulphur, followed by the fourth sigma orbital also localised on

sulphur and derived from its 2p atomic orbital.
z

There are then three delocaiised orbitals, the fifth and

sixth sigma and the second pi orbitals. The composition of the

fifth sigma orbital is about 75 percent from the 3s atomic orbital

of sulphur, 15 percent from the 2s and 10 percent from the 2p
z

atomic orbitals of boron. There is also a small contribution from

the 3p atomic orbital of sulphur and the polarisation functions make

a relatively large contribution, the largest being 3 percent from the

3d atomic orbital of sulphur in basis set G6. The Slater
zz

calculations, however, show nearly the same contribution from

the polarisation functions for basis sets S3,S4 and S5: that is,

0.5 percent and 0.3 percent from the 3d polarisation functions of

sulphur and boron respectively, and 0.05 percent from their 4f

polarisation functions. The Gaussian calculations show a

substantial overlap population between the atoms, ranging from 0.22

for basis set G3 to 0. 29 for Gl. They also show that adding

polarisation functions to sulphur pulls the charge onto the sulphur

atom, and then polarising the boron atom reverses the charge shift
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to some extent. An analogous effect is also seen with the overlap

population of this orbital. Polarising sulphur reduces the overlap,

which is then increased beyond the unpolarised value by subsequently

polarising the boron atom.

The sixth sigma orbital has roughly the same population

on sulphur as the fifth sigma orbital. Here, though, it comprises

50 to 60 percent from its 3pz atomic orbital and 15 to 25 percent

from its 3s atomic orbital. The remainder is made up from the

2s atomic orbital of boron, with a small contribution from its 2p
Z

atomic orbital. The main effect of increasing the basis set size is

to increase the small contribution from the 2p atomic orbital of
2.

boron. The overlap population for this orbital is much smaller

than that for the fifth sigma orbital, with the effect of polarisation

functions being reversed: adding them to sulphur increases it from

about 0.03 to 0.11, while subsequent addition of them to boron

decreases it to about 0.06. Polarising sulphur also increases the

contribution from the 3p^ atomic orbital of sulphur at the expense

of the 2s and 3s atomic orbitals of boron and sulphur respectively,

an effect which is reversed slightly on polarising boron. The actual

contribution from the polarisation functions is shown by the Slater

calculation to be roughly double that for the fifth sigma orbital.

The Gaussian calculations, however, show that although the

individual 3d , 3d and 3d atomic orbital contributions are
xx yy zz

considerably smaller for this orbital, the net contribution from

these orbitals is roughly the same. The polarisation function

contribution to these orbitals is mainly from those of sulphur,

while those from boron contribute mainly to the fifth sigma orbital.
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The second pi orbital comprises roughly 75 and 25 percent

from the 3p and 3p , and the 2p and 2p atomic orbitals of
x y x y

sulphur and boron respectively. The 3d atomic orbital contribution

is about 1.5 and 1.0 percent from the boron and sulphur atoms for

the Gaussian calculations. Basis set S5, however, gives

contributions of 3.5 and 1.0 percent respectively, and the 4f atomic

orbital contribution is also relatively large at 1 . 0 and 0. 1 percent

from boron and sulphur respectively. This orbital has the largest

overlap population of between 0. 38 and 0.45, and the only

noticeable effect of adding polarisation is to move charge from

the atoms into the bonding region, so increasing the overlap population.

Finally, the open shell orbital is mainly localised on boron.

In all cases, except for basis set S5, it comprises roughly 45 percent

from the 2s atomic orbital of boron and 50 percent from its 2pz
atomic orbital. For basis set S5, however, this division is 51

percent to 45 percent respectively. The contribution from the

sulphur atomic orbitals is rather small, as is that from the

polarisation functions. The Gaussian calculations show a small

antibonding overlap population of between 0.02 and 0.03.

Except for the Gaussian minimal basis set calculations,

the polarisation in the molecule is given as B~*B . The net charges

on the atoms for the five Slater basis sets are given in Table 5.5,

while those for the Gaussian basis sets along with the gross overlap

populations are given in Table 5. 6. It can be seen from Table 5. 6

that polarising sulphur alone causes a shift of charge to this atom

which is reversed on polarising boron. Perhaps the most interesting
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effect of adding polarisation functions is the increase in the

overlap population which is consistent with the shortening of

the interatomic distance.

5.7 Properties

The only properties calculated extensively for all basis

sets were the dipole moment, the force constant and the isotropic

hyperfine coupling constants.

The force constants are shown in Tables 5. 1 and 5.2 and

although there seems no correlation between values for different

basis set size, there is again a noticeable effect on adding

polarisation functions to the Gaussian bases. Thus, correlated

with the shortening of the bond length, there is a sharp increase

in the force constant on adding polarisation functions to sulphur,

followed by a smaller increase on adding polarisation functions to

boron. The computed values agree very well with the experimental

5 -1
value of 6.718 x 10 dyne cm reported by Zeeman [84 ]. The

method used to calculate the force constants has been reported in

an earlier publication from this laboratory [91 ].

The dipole moments from all the basis sets are given in

Table 5.7. Again, there is no correlation between the value of

the dipole moment and the basis set. In all cases, however, its

value was found to increase with increasing internuclear distance.

Perhaps one point of interest, is that for both the Slater and

Gaussian basis sets, the minimal basis set gives a very low dipole

moment, particularly the Gaussian basis. The dipole moment then



increases substantially for the double-zeta bases, again particularly

for the Gaussian basis. The values for the other basis sets are

then between the values for these two bases.

The isotropic hyperfine coupling constants are given in

Table 5.7 . Although the calculation of accurate spin densities

demands the use of correlated wave functions [92], it is of interest

to see how the RHF results for the Slater and Gaussian bases

compare with each other and with experiment for this radical.

The values calculated with the largest basis sets are in reasonable

agreement with each other and with the experimental results

r 33available from Brom and Weltner [81 J. Even the S values

are in good agreement with the estimated value of five to six Gauss.

Thus, the RHF method can yield reasonable spin densities for

suitable systems such as states. The reported CNDO/2 values

[81] are rather similar to our DZ+P basis set values. The effect

of increasing the bond length was to increase the spin density at

the boron nucleus while decreasing that at the sulphur nucleus by

roughly the same amount. This, however, was not the case at

bond lengths greater than 3. 15 a.u. , when both spin densities were

found to slowly decrease.

In addition to the above three properties, a number of

other molecular properties were calculated from the Slater

wave functions. These are given in Table 5. 8 which is designed

to be self-contained. Most of the values given are in atomic units,

which are independent of any changes in the measured values of

the fundamental constants. In Appendix A, conversion factors

between commonly used units and atomic units for all the properties



59

discussed are presented; the theory behind these properties

having been discussed briefly in Section 3. As with the dipole

moment, the values from basis sets S3,S4 and S5 are very

similar, while those from basis sets SI and S2 are clearly quite

different. Our values for the anisotropic hyperfine coupling

constants, unlike the isotropic coupling constants, are very

different from the experimental values reported by Brom and

Weltner. None of the other properties have as yet been measured,

and so we shall make no further comment about them.

5. 8 Augmented Basis Set

Examination of the isotropic hyperfine coupling constants

shows that apart from those from basis sets S4 and S 5, t he re is

very poor agreement with experiment . Thus, an attempt was made

to try to improve the values obtained with basis set S2 by trying to

improve the description of the wave function in the nuclear region.

Basis set S2 has no 2s orbitals with as large an exponent as the 2s

orbitals of basis set S4. Thus, a 2s orbital with a large exponent

was added to each atom and optimised in turn with respect to the

spin densities.

This kind of calculation was also done by Konishi and

Morokuma [93] who experimented with some of the first row atoms.

For boron monosulphide, however, the results were very disappointing.

33
The values for S were actually worse than those from the unaugmented

basis set as were some of the values for ^B and **B. With the

optimum values of the boron exponent, the improvement towards the

experimental value was only one Gauss. Thus, the expensive BA+P
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basis set remains the smallest one suitable for hyperfine coupling

constant calculations in this instant.

5.9 Excited States

As mentioned earlier, the first four states of boron

2 t+ 2 2 + 2
monosulphide are X IE,' > A IT ., B X and CIT . A limited

l r

2 — 2.—
number of calculations have been done on the A U . and C IT

l r

states with basis sets S2 and S3. Unfortunately there was insufficient

time to rigorously optimise the geometry of these two states and

calculate their properties, so the intention here is to give a brief

comparison of their bonding with that of the ground state.

2 __

For the A IT state, the first six sigma and the first pi

orbitals remain the same as in the ground state. The seventh sigma

orbital is now a lone pair on boron, being made up of its 2s and 2p
z

atomic orbitals in the ratio of 60 to 30 percent, with a small

contribution from the 3p atomic orbital of sulphur. There are now
z

only three electrons in the second pi orbital and these are divided

87 and 13 percent between sulphur,and boron respectively, with again

small contributions from the 3d and 4f atomic orbitals of basis set S3

as in the ground state. Thus, it appears as though an electron has

been removed from a bonding orbital and placed in a non-bonding

orbital essentially localised on boron. The results of this are

firstly to increase the bond length and secondly to change the

polarity of the molecule so that boron now becomes slightly negative.
2

For the C IT state, the first five sigma and the first two

pi orbitals remain the same as in the ground state. The sixth sigma

orbital still has contributions from the s atomic orbitals of both



atoms and the 3p atomic orbital of sulphur. The contribution
z

from the s atomic orbitals of boron has, however, doubled with a

corresponding decrease in the contribution from the 3p atomic
z

orbital of sulphur. The open shell orbital is now the third pi

orbital which contains one electron. It is mainly localised on boron,

80 percent of the contribution coming from this atom. The basis

set S3 again shows analogous contributions from the polarisation

functions as in the ground state. In this case, however, the open-

shell pi orbital has small contributions from these functions which

the open-shell sigma orbital did not. This state also has a longer

bond length and a smaller charge on sulphur as compared with the

ground state, the reason for which is not too clear, though an

overlap matrix, which is not available from the Slater calculations,

might well show significant changes in the bonding region.

The calculated vertical excitation energies from basis set

S3 are 236. 4 kJ mol * and 535. 6 kJ mol * for the X^TE} + < A^H.
i

2 + 2
and the X < C IT transitions respectively. These compare

with 191.4 kJ mol ^ and 446. 5 kJ mol * reported by Zeeman [84 ]

for the respective excitation energies. The direction of the dipole
2

moment of the A TI\ state is opposite to that for the ground state,

and (as with the ground state) increasing the bond lengths of both

these states causes the values of the dipole moment to become

2 _

more positive. Thus, in the case of the A H. state, its absolute

value decreases with increasing bond length.



5. 10 Configuration Interaction Calculations

A limited number of CI calculations were done" with the

Slater DZ+P basis set (S3) at the experimental bond length of

3.0405 a.u. The calculations were carried out by Sheldon Green of

the Goddard Space Centre, New York, as at present we have no

efficient facilities for performing CI calculations in this laboratory.

His programme allows for only 200 configurations to be taken into

account at any one time, which necessitates a number of preliminary

calculations to investigate which configurations are to be included in

the full calculation.

Four sets of calculations were in fact done. The first

calculation included 60 to 80 of the most important double

excitations, as estimated by second order perturbation theory. The

second calculation included single excitations from the first, second

and third sigma orbitals, while the third included single excitations

from the fourth, fifth and sixth sigma orbitals. Finally, the fourth

calculation included single excitations from the seventh sigma orbital

and the first two pi orbitals. Those configurations with coefficients

less than 0. 001 were then deleted. None of the second set satisfied

this requirement, though excitations from the first six sigma

orbitals to the seventh and eighth sigma orbitals were included as

they are sometimes important for spin properties. The final

calculation included more double excitations up to the 200 limit.

The function obtained was then analysed into natural

orbitals in the manner of Bender and Davidson [94 ] to initiate

an iteration, after which a few triplet excitations were also included.

These were selected by combining the most important doubles and



singles. The final energy, however, increased for each of two

iterations; thus the best calculation was that based on the SCF

orbitals. The one-electron properties were fairly stable to the

iteration and also to the final inclusion of more double excitations.

A number of expectation values are given in Table 5.9.

The first column gives those from the DZ+P SCF calculation,

the second column gives those from the CI calculation based on

the SCF orbitals, while the third and fourth columns give those

after the first and second iterations of the natural orbitals

respectively. All these results are, as we expected, very similar

and we therefore arrive at the same conclusion that was made from

earlier work in this laboratory on BF^ [95]; that for localised
states, the SCF method gives quite reliable results.



Table 5. 1 Computed Equilibrium Bond Lengths, Total Energies

and Stretching Force Constants for the Gaussian Basis
Sets

Basis Set R(S-B)1 Total Energy* 2
Force Constants

MIN C-1 3. 1799 -421.203555 7 qooc;

DZ G2 3.07 64 -421. 984625 6.7342

DZ + P G3 3.0347 -422.014155 7.6675

DZ + TP G4 3.0146 -422.027583 7.9860

ExDZ G5 3. 089 -422.108865 6.6570

ExDZ + P G6 3.0269 -422. 138275 7.5556

ExDZ + TP G7 3.0225 -422.151295 7.9390

BA + TP G8 3. 0250 -422. 160844 7.5020

1. In atomic units 1 -5
2. Fore Constants in dyne cm x 10

Table 5. 2 Computed Equilibrium Bond Lengths, Total Energies,

Virial Ratios and Stretching Force Constants for the

Slater Basis Sets

Basis Set R(S-B) * 1
Total Energy Virial Ratio

2
Force Constants

MIN SI 3.9132 -421.222172 -2.00229 7.3176

DZ S2 3. 1213 -422.118296 -2.00017 6.3292

DZ + P S3 3. 0095 -422.176220 -2.00017 7.6055

BA + P S4 3.0060 -422.188073 -1.99991 7.7636

NHF S5 3.0150 -422.191268 -2.00005 7.6370

1. In atomic units

2. Force Constants in dyne cm x 10



Table5.3OrbitalEnergiesattheComputedMinimumEnergiesfortheGaussianBasisSets MIN

DZ

DZ+P

DZ+TP

ExDZ

ExDZ+P

ExDZ+TP

BA+TP

lcr

-91.9575
-91.4479
-91.9367

-91.9328
-91.9702
-91.9592
-91.9552
-91.9549

2a

-8.9100

-8.9602

-8.9482

-8.9435

-8.9684

-8.9573

-8.9530

-8.9516

3<r

-7.7235

-7.7396

-7.7214

-7.7101

-7.7414

-7.7183

-7.7095

-7.7128

4cr

-6.7736

-6.6493

-6.6376

-6.6325

-6.6580

-6.6472

-6.6425

-6.6414

5a

-0.9726

-0.9963

-0.9801

-0.9744

-0.9955

-0.9840

-0.9767

-0.9779

6c7

-0.5180

-0.5466

-0.5535

-0.5482

-0.5498

-0.5574

-0.5516

-0.5533

la

-0.4455

-0.4858

-0.4780

-0.4784

-0.4917

-0.4850

-0.4855

-0.4881

1TT

-6.7700

-6.6459

-6.6348

-6.6305

-6.6544

-6.6443

-6.6403

-6.6391

27T

-0.3821

-0.4087

-0.4053

-0.4053

-0.4098

-0.4085

-0.4077

-0.4096

1.Valuesinatomicunits
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Table 5. 4 Orbital Energies at the Computed Minimum Energies
for the Slater Basis Sets'*'

MIN DZ DZ+P BA+P . NHF

l<r -91.9620 91.9852 -91.9625 -91.9500 -91.9515

2cr -8.8331 -8.9906 -8.9673 -8.9560 -8.9568

3 cr¬ -7.7856 -7.7642 -7.7167 -7.7050 -7.7071

ier -6.5034 -6. 6716 - 6. 64 7 o -6.5370 -6.6377

5 cr -0.9578 -1.0058 -0.9844 -0.9788 -0.9763

6cr -0.5256 -0.5586 -0.5602 -0.5534 -0.5538

7cr -0.4650 -0.4946 -0.4848 -0.4861 -0.4867

ITT -6.4993 -6.6675 -6. 64 64 -6.6357 -6.6365

2TT -0.3953 -0.4192 -0.4169 -0.4112 -0.4197

1 . Values in atomic units

Table 5. 5 Net Charges on the Atoms for the Five Slater Bases

Basis Net Charge on S Net Charge on B

MIN -0. 0008 +0.0008

DZ -0. 1140 +0.1140

DZ+P -0. 2395 +0.2395

BA+P -0. 24 83 +0.2483

NHF -0. 0249 +0. 0249

Table 5. 6 Net Charges on the Atoms and Gross Overlap Populations
for the Eight Gaussian Bases

Basis Net Charge on S Net Charge on B Overlap
MIN +0.1030 -0.1030 0.6571

DZ -0.1951 +0.1951 0. 64 71

DZ+P -0.3296 +0.3296 0.7091

DZ+TP -0.0885 +0.0885 0.7713

ExDZ -0.1032 +0. 1032 0. 6348

ExDZ+P -0.2885 +0.2885 0.7143

ExDZ+TP -0.0637 +0.0637 0.7817

BA + TP -0.0980 +0.0980 0.7685
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Table 5. 7 Dipole Moments and Isotropic Hyperfine Coupling

Constants at the Computed Minimum Energies for
All Basis Sets

Basis Set Dipole Moment^ 33 2
A. r3s)

ISO
A. (11B) 2

ISO
A. (1°B) 2

ISO

G1 0.3965 0.4 1 439.21 147. 09

G2 2. 0433 5. 38 275.24 92. 18

G3 1.4881 7. 55 275. 11 92. 13

G4 1.44 10 7.47 277.00 92. 78

G5 2. 0842 5. 24 269.82 90. 36

G6 1.5670 7. 50 269.40 90. 20

G7 1.5150 7.40 268.89 90. 05

G8 1.6670 7.51 277.33 92. 88

SI 1. 1515 0. 07 304.10 101.84

S2 1.8997 4. 20 278.79 93. 36

S3 1.2230 7.41 274.77 92. 02

S4 1.5965 7 .,99 285.26 95. 53

S5 1.4976 8. 20 285.40 95. 60

1. Dipole Moments in Debye

2. Isotropic Hyperfine Coupling Constants in Gauss



Table5.8One-ElectronPropertiesattheComputedMinimumEnergyfortheSlaterBasisSets'*' MIN

DZ

DZ+P

BA+P

NHF

PotentialattheNuclei
$(S)

60.6563

60.7944

60.8750

60.8938

60.8864

|(B)

16.2263

16.4079

16.6417

16.6590

16.6401

5

QuadrupoleMoment

0.7647

1.1612

1.7251

1.9092

2.2744

DiamagneticSusceptibility^'
5

avg

■Vd
zz

-70.9663
-71.8932

-68.0886
-67.1505
-67.2220

-37.1295
-39.9259
-38.9431
-38.2398

-38.4525

ElectricField

Ez(S)

0.1544

0.0757

0.0062

-0.0020

-0.0045

Ez(B)

-0.0280

-0.0527

0.0058

-0.0012

-0.0025

ElectricFieldGradient
%s(S>

0.8326

0.3859

0.0547

0.0825

0.1085

<WB>

0.4570

0.3620

0.4044

0.4071

0.4021

ForcesontheNuclei
Fz(S)

2.4706

1.2110

0.0999

-0.0322

-0.0722

F2(B)

-0.1399

-0.2635

0.0288

-0.0058

-0.0126

NetForceontheMolecule
Ft(SB)

2.3307

0.9475

0.1287

-0.038

-0.0848

AverageDiamagnetic
crd(S)wavgx'

10.7664

10.7873

10.8052

10.8052

10.8072

3

Shielding

2.8801

2.9124

2.9539

2.9569

2.9536

AnisotropicHyperfine
4

A<lip<nS) VD>

-7.6830

-0.8349

4.5651

4.1764

3.7488

CouplingConstant

32.1190

42.1622

47.0039

47.0894

46.7539

1.Allvaluesinatomicunitsunlessotherwisestated.2.DiamagneticSusceptibilityinatomicunitsx10 3.AverageDiamagneticShieldinginatomicunitsx10.4.AnisotropicHyperfineCouplingConstantsin Gauss.5.Computedwithrespecttothecentreofmass.



69

Table 5. 9 Some Expectation Values Computed with SCF and CI

Wave Functions

SCF CI-SCF CI-NO(l) CI-NO(2)

^"elec 448.487 448.693 448. 683 448. 678

>) 60.857 60. 84 6 60.852 60.851

>) 16. 583 16.614 16.612 16. 612

z(S) 14.693 14.961 14.960 14.955

z(B) -49.158 -48. 889 -48. 891 -48. 896

z2(S) 58. 266 59.295 59.334 59. 322

zZ(B) 163.056 163.452 162.502 162.520

r2(S) 87.598 88.488 88.484 88.485

rZ(B) 192.388 191.645 191.652 191.683

P2 29.332 29.193 29.150 29. 163

fz(S) 0. 535 0. 532 0. 529 0.531

72(B) -1.739 -1.728 -1.726 -1.725

. 2 232
^ (S)r3

0. 250 0. 268 0. 225 0. 239

, 2 2

r3
0. 753 0.714 0. 708 0.707
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6. SiH^: The Silylene Molecule, and its Ions

6. 1 Introduction

The first mention of silylene in the literature came in

a series of papers by Emeleus and Stewart [96-98], who

postulated its occurrence as an intermediate in the oxidation of

silane using Semenoff's theory of branching chain reactions [99].

Further work on the photolysis and pyrolysis of mono-, di- and

tri-silanes [100-103] left the role of silylene rather confused

(although its presence was required to explain certain observed

phenomena) until the work of Tebben and Ring [104 ] indicated

its importance in the reaction mechanisms. Ring et al [105]

later confirmed that it was produced, probably in the singlet state,

in the pyrolysis of disilane.

Much work on the insertion and addition reactions of

silylene has been done, opening a whole new field of synthetic

chemistry, with extensive work being reported by Ring [106, 107 ],

Purnell [108] and Gaspar [109 J. Two comprehensive reviews are

available [110, 111 ] which describe the generation of silylene, its

insertion into single bonds and its addition to double bonds. The

first experimental confirmation that silylene was a singlet in its

ground state came from the work of Tang et al [112], who

studied its addition to butadiene, using nitric oxide as a scavenger.

6.2 Experimental Observations

Although a great deal of experimental work has been done

on silylene, there are few results available with which we can



compare our theoretical findings, since most experimental work

has been concerned with reaction kinetics.

Dubois, Herzberg and Verma [113] have, however, looked

at the spectra of SiH and SiD produced in the flash photolysis of
Ct c*

phenyl silane. As no triplet spectrum (as in CH^) was observed,
they were unable to say whether or not the lower A^ state was

actually the ground state. Milligan and Jacox [114], however,

using vacuum ultra-violet photolysis of silane in an argon matrix,

have observed both the ultra-violet and infra-red spectra of silyiene

and have established that the A^ state is in fact the ground state.
The upper state in the work of Dubois et al [113] was the state

and after more extensive work by Dubois [115] bond angles of 92, 1°
and 123° were reported for the A^ and states respectively,
and bond lengths of 1.516 and 1.487 R respectively.

Kasdan, Herbst and Lineberger [116] have recently

examined the laser-photoelectron spectrum of SiH and reported

the electron affinity of silyiene to be 10 8. 5 t 1. 9 kJ mol * , le s s

than half of the value reported by Gaines and Page [117 ] nine years

earlier. Gaines and Page, however, assumed sily^ne to be a

linear triplet in its ground state. The most recent measurement

of the heat of formation of X^A^ silyiene is 27 2 - 1 3 kJ mol * and
is from the work of Dudorov [118]. This value is about as far

below that quoted by Vedeneyev et al [119] (30 kJ mol *) as the

earlier result of Saalfeld and McDowell [120 ] is above. Dudorov

[118] also reported a value of 315.2 1" 2.5 kJ mol for the



dissociation energy of silylene, while Steele et al [121,122]

reported 1180 kJ mol for the heat of formation of its cation.

6.3 Previou s Calculations .

The first theoretical calculations on silylene were carried

out by Jordan [123], who described a semi - empirical quantitative

theory of the low lying electronic states of the SiH^ series. He
found that the best agreement with the experimental data available

was obtained when the valence state had a small percentage of

polarising d-character. For silylene, he predicted the ground
1 cr 3

state to be A^ and the three lowest lying excited states to be B^,

Bj and ^A^ , with excitation energies of 193.5 kJ mol ,

244.8 kJ mol * and 307. 5 kJ mol * respectively. All four states

were predicted to be bent with valence angles of 95.4°, 137.8°,
146.2° and 125.7° respectively. He also calculated the energy of

formation of silylene to be 661 kJ mol , when account was taken
1 cr 1 tt

of the configuration interaction between the Aand A^ states.

Higuchi et a.1 [124 ] have also performed semi-empirical

calculations on this series: they adopted the electron-pair

approximation using hybrid orbitals with d-functions on silicon.

They presented potential energy curves for the four lowest energy

1 3
states of silylene and obtained for the A^ and B^ states valence
angles of 96° and 145° respectively. The excitation energy was

quoted as 341.585 kJ mol , at the fixed bond length of 1.477 R.

Wirsam [125] reported the first ab initio calculations on

silylene. The basis set used was of Gaussian lobe functions,
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where the individual functions were contracted into a basis of

six s groups and three Px» P and P groups for silicon and one

s group for each hydrogen. He carried out SCF MO calculations

for the ground state and CI calculations for the excited states.

Potential energy curves were reported for twelve states, and

geometry and energy data for the first eight. For the ground

state, he reported an energy of - 289. 91422 a.u., at the optimum geometry

of 1.5822 R and 97.4 6°. Other ab initio calculations on silylene

were carried out by Whitten [126], Again the basis set employed

consisted of Gaussian lobe expansions of atomic functions giving

two basis sets of 21 and 26 functions. With these two basis sets,

energies of -289.96326 a.u., and -290.00242 a.u., respectively

were reported, and with a 185 configuration CI the energy obtained

was -290.08259 a.u. Whitten also reported a number of molecular

properties, among which he predicted the dipole moment of silylene

to be 0.8553 debye and 2. 1995 debye for the 26 and 21 function

basis sets respectively.

The most recent calculation on silylene was performed by

Meadows and Schaefer [127 ]. They used the same primitive

(12,9/6) Gaussian basis set as used in the work reported here,

with a more relaxed contraction scheme of [9, 6/4 ]. Calculations

with and without polarisation functions were reported; the

polarisation functions consisting of three sets of d-functions on

the silicon atom and two sets of p-functions on the hydrogen atoms.

The singlet-triplet separation in silylene was being investigated
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and for the X Aj state, both one- and two-configuration

calculations were carried out. Their ground state results

are shown in Table 6.1 .

6.4 Ground State Calculations on Silylene and its Ions

The calculations were carried out using Gaussian-type

orbitals. A basic (12, 9/6) basis set was used, contracted to

[6, 4 /2 ] with four levels of polari sation functions:

1. No polarisation functions;

2. p-functions polarising the hydrogen atoms only;

3. d-f.unctions polarising the silicon atom only;

4. Both p- and d-functions polarising hydrogen and silicon

respectively.

The primitive sp basis set on silicon was taken from

Veillard's tabulations [128] and contracted as recommended by

Dunning [129]. Thus, the s-exponents were contracted (6, 2, 1, 1, 1, 1)

and the p-exponents (6, 1, 1, 1). The six s-exponents on the

hydrogens were contracted (5, 1); their values being taken from

Huzinaga's data [130],

The initial value of the 3d-exponents on silicon was 0.4 and

that for the 2p-exponents on the hydrogens was 1.08. These values

were, however, carefully optimised before any geometry optimisation

was done, resulting in optimum values of 0.403 and 0.625 respectively.

For basis set 3, the optimum exponent value for the d-polarisation

functions was 0.3875 and that for the p-polari sation functions of

basis set 2 was 0.4 8. After geometry optimisation it was found



75

desirable to optimise the polarisation function exponents for

basis sets 2 and 3 of the ions. The optimised value for the

d-exponents was 0.4125 for both the anion and the cation, and

although the value of the p-exponents for SiH^ remained unchanged
from that in silylene, the value for SiH^ was reduced to 0.411 .

The wave functions at the computed minimum energy-

configurations were subjected to the usual Mulliken population

analysis [58] and, in addition to the dipole moment, the stretching

and bending force constants were also calculated. Of the three

species, only the cation has spin density at the nuclei, and for

this species isotropic hyperfine coupling constants were calculated.

Finally, for silylene a number of other molecular properties were

calculated. The coordinate system used is shown in Figure 6. 1 .

6.5 Energies and Electronic Configurations of Ground State

Silylene and its Ions

Ground state silylene is a closed shell species, having

the configuration:

(la1)2(ia1)2(lb1)2(lb;,)2(3a1)2(4a1)2(2b2)2(5a1)2,
a limited number of calculations on the triplet [ (5a^)*(2b^)* ]
state confirming this assignment. The lb , lb and 3a orbitals

1 Li J.

are very close in energy, and their order was found to interchange

not only when going from one basis set to another, but also when

varying the geometry for some of the species. SiH^ has the
configuration:

(la1)2(2a1)2(lb1)2(3a1)2(lb2)2(4a1)2(2b;,)2(5a1)1,
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where an electron has been lost from the 5a^ orbital and the
order of the lb^ and 3a^ orbitals has interchanged. In the case

of SiH^, the configuration is the same as that of silylene, with
the extra electron going into the next lowest energy orbital which

is of b^ symmetry. It should be noted that in SiH* the 3a^ and lb^
orbitals are interchanged for basis sets 1 and 2 and in SiH^ the lb^
and lb^ orbitals are interchanged for basis set 3.

The geometries of SiH^ and SiH^ are not known
experimentally, but our calculated geometry for the parent molecule

using basis set 4 of 93.438° and 1.516 R is in excellent agreement

with that of 92.0 8° and 1.516 jS reported by Dubois [1 15 ]. These

results are quite different from the 97.46° and 1.582 R reported

by Wirsam [125], though closer to Meadows and Schaefer's result

[127] of 94. 3° and 1.50 R . In addition, a number of calculations

have been performed using a minimal STO-3G basis set on silylene.

The basis set was that of Pople et al [77 ] with the GAUSSIAN 70

programme system [76], and silylene was predicted to be linear,

which clearly shows that minimal basis set calculations can predict

quite erroneous geometries.

The reported energy of silylenc is far lower than that

reported by Wirsam [125] from his CI calculations and slightly

lower than that obtained by Whitten [126] from his SCF calculations.

Meadows and Schaefer's energy value [127 ] is, however, much

lower than the present result, and even about 0. 035 a.u. , lower

than Whitten's CI result [126] . The optimum geometries and

total energies calculated with the four basis sets are given in

Table 6.2 for the three species.



It is known that the eigen-values obtained using Roothaan's

open-shell RHF scheme [19] cannot be directly identified with

the orbital energies, in the sense of Koopmans' Theorem [131 ].

From previous work in this laboratory, on BF^ [95], it has been
shown that the results obtained using IBMOL Version 5 [68] are

in very close agreement with those obtained using ATMOL [132]

from which one obtains "canonicalised" molecular orbitals, whose

eigen-values do represent the orbital energies. Thus, the orbital

eigen-values will always be referred to as orbital energies as they

will only differ slightly from the true.values.

The orbital energies calculated at the computed minimum

energies of the three species with basis set 4 are given in Table

6.3. The values for silylene are very close to those reported

by Whitten [126 ] from his 2.6 basis function SCF calculations.

Polarisation functions tended to have a rather variable effect on

these values, though in general they increased the energies of the

inner orbitals while decreasing those of the outer orbitals. Table

6.3 clearly shows' that the orbital energies of the cation are more

negative than those of the parent species, which are more negative

than those of the anion. Thus, from Koopmans1 Theorem [131 ]

it becomes easier to remove the electrons as the charge on the

system is increased.

An ionisation energy of 7 64.77 kJ mol was calculated

for silylene and -33. 25 kJ mol was calculated for its electron

affinity. Although an experimental value of the ionisation energy



for silylene is not available, its electron affinity has been measured

as 108.5 kJ mol [116]. This large discrepancy is, however,

not too surprising as Hartree-Fock calculations of these small

differences in energy are only reliable if the values are very much

larger than the change in correlation energy on going from the

parent species to the ion. There are also relativistic effects

to take account of, but the change in relativistic energy has been

shown by Clementi et al [133, 134 ] to be very small. This is

because only differences in the outer shells are involved, which

make a small contribution to the relativistic energy. Extensive

calculations on first and second row atoms by Clementi et al

[133, 134 ] have demonstrated that the correlation energy changes

are roughly equal in magnitude to the electron affinity. Cade has

attempted to account for correlation effects in his study of some

first and second row hydrides, including OH, SH [135 ] and NH,

CH, PH and SiH [136]. His results are in fairly good agreement

with experiment, but it is not possible to extend such an approach

to this triatomic.

Although it cannot be proved formally, a positive value

for the Hartree-Fock electron affinity almost guarantees a stable

negative ion. That is, a positive experimental electron affinity.

No exceptions are known to this. It is found, however, that the

Hartree-Fock electron affinity is not necessarily positive and

very often is actually negative, as in the present case, even though

the experimental value is positive. This fact emphasises that the

RHF method is not really suitable for calculating this property.
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6. 6 Population Analyses and Bonding

The population analyses of the three species studied are

very similar. The la^ and 2a^ orbitals are, as expected, formed
from the Is and 2s atomic orbitals of silicon, while the 3a^ orbital
is derived from its 2p atomic orbital. Of these three orbitals,

z

the 2a^ orbital has the largest contribution from the polarising
3d-functions at 0. 8 percent, the 2p-polarising functions making

no contribution to these orbitals.

The 4a^ orbital is one of the bonding orbitals between the
3s atomic orbital of silicon and the Is atomic orbitals of the

hydrogens. There is also a substantial contribution from the 3p

atomic orbital of silicon. The polarisation function contribution

to this orbital is fairly large and roughly the same for both the 3d-

and 2p-polarisation functions. These contributions for basis sets

2 and 3 do, however, tend to be far larger than for basis set 4.

The Si-H overlap of 0. 18 is the same for the three species, but

adding an electron to silylene increases the H^-H^ overlap, while
removing one decreases it. The same effect is also seen on the

contribution to this orbital from the Is atomic orbitals of the

hydrogens, with an opposite effect on that from the 3s atomic

orbital of silicon. The effect of the 2p-polarising functions on

this orbital is very marked: their addition causes a large increase

in the contribution from the Is atomic orbitals of the hydrogens with

an equivalent decrease in the contribution from the 3s atomic

orbital of silicon. The Si-H overlap is also increased.

The 5a^ orbital has a small antibonding Si-H overlap,
with a slightly smaller bonding overlap between the two hydrogens.



In this case, the contributing atomic orbitals are the 3s and 3p

of silicon and the 1 s of the hydrogens. This is the open-shell

orbital of the cation and both the contribution from the hydrogen

atoms and the overlap populations are small compared with the

other two species; effectively localising the odd electron on the

silicon atom. The polarisation function contributions to this

orbital are much smaller than those to the 4a^ orbital.
The lb^ and lb^ orbitals are lone pairs on silicon, the lb^

orbital is derived from its 2p atomic orbital and the lb_ from its
x 2

2py atomic orbital.

Only SiH^ has an occupied 2b^ orbital, which is the open-

shell orbital. It is essentially localised on the silicon atom, and is

derived from its 3p atomic orbital. The largest contribution from
x

any of the hydrogen atomic orbitals is from their 2p polarisation

function: this contribution disappears without these functions, as

does the small positive Si-H overlap.

The 2b^ orbital is another bonding orbital with a substantial
Si-H overlap; although the smallef H -H overlap is antibonding.

J.

The atomic orbitals forming this orbital are the 1 s of the hydrogens,

giving the larger contribution, and the 3p of silicon. Compared

with the 2b^ orbital, there is a large contribution from the
polarisation functions. The effect of adding and removing an

electron on this orbital is the same as that on the other bonding

orbital, the 4a^ orbital. Adding an electron decreases the
contribution from silicon, increases that from the hydrogens,

decreases the Si-H bonding overlap and increases the antibonding
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overlap between the hydrogens. Removing an electron has the

opposite effect. The effect of adding polarisation functions is

rather interesting. Basis sets 1 and 4 give rise to roughly the

same distribution of charge. Polarising the hydrogens only,

however, causes a shift of contribution to the hydrogen atoms,

with a decrease in the bonding Si-H overlap and an increase in the

H^-H^ antibonding overlap. Polarising silicon only has the

opposite, though less pronounced effect.

The change in the magnitude of the total overlap population

on adding or removing an electron only reiterates the effect on

the 4a and 2b., orbitals. Adding an electron decreases the Si-H
X <-»

bonding overlap while increasing the antibonding H^-H^ overlap.
Removing an electron has the opposite effect. The reason for the

latter is fairly clear as the electron is being removed from the 5a^
orbital which is Si-H antibonding and H^-H^ bonding. The reason
for the former is, however, less apparent.

It is perhaps obvious to mention that in the present coordinate

system, the polarisation functions contributing to the a^ orbitals are

d , d , d , p (l)-p (2) and p (l)+p (2). Those contributing to
xx yy zz y y z z

the b orbitals are d and p (l)+p (2), while those contributing to
X X Z X X

the b., orbitals are d ,p (l)+p (2) and p (l)-p (2). The d and2 yz y y z z xy

p (l)-p (2) atomic orbitals are of a symmetry of which there are
XX £

no occupied molecular orbitals. Table 6.4 shows the overlap

populations for the bonding orbitals and the total overlap populations

calculated with basis set 4 for the three species at their computed

equilibrium geometries, together with the net charges on the atoms.



6.7 Molecular Properties

The dipole moments and stretching and bending force

constants are shown in Table 6.5 for silylene and its ions, as

calculated with basis set 4. Addition of polarisation functions

made a substantial difference to the dipole moment usually reducing

its value, but the variation between basis sets did not follow any

clear trend. For the closed-shell silylene molecule a number of

other molecular properties were also calculated. These are

presented in Table 6. 6 for basis set 4. The addition of polarisation

functions made little difference to the values of these properties,

although the forces at the nuclei did increase as the basis set was

"improved". In addition, for SiH^ which has an unpaired electron
in a sigma-type orbital, we have calculated spin densities at the

nuclei and isotropic hyperfine coupling constants; which for basis

set 4 are: . _q

A. ( H) = 36. 84 G and A. ( Si) = -306. 99 G.
ISO ISO

None of the properties calculated have been measured

experimentally. Jordan [123] reported force constants for silylene

from his semi-empirical calculations, but unfortunately we have been

unable to interpret his system of units to give a comparison. The

property predictions from Whitten's calculations on silylene [126]

are very close to the values which are reported here, except for

the dipole moment. He reported dipole moments of 0.86 Debye

and 2. 20 Debye from his 26- and 21-basis function SCF calculations

respectively. This discrepancy is rather puzzling, in view of the

fact that there is such good agreement with our values of the other

properties which he reported, but indicative of how sensitive

this property is to the detailed balance of the basis set.



Figure 6. 1 The Coordinate System for Silylene

z

The principal axes of the field gradient tensor at the hydrogens

are indicated by A and B. The third axis, C, is parallel to the

out-of-plane x-axis.

x indicates the centre of mass
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Table 6. 1 The Energy and Geometry Results, from the Work of

Meadows and Schaefer [127 ] on the Ground State of

Silylene

One Configuration
One Configuration + Polarisation

Functions

Two Configuration
Two Configurations + Polarisation

Functions

o

1. Bond lengths in A
2. Bond angles in degrees
3. Total energies in atomic units

1 Z 3
R(Si-H) HSiH Total Energy

1. 533 94. 1 -289.99429

1.509 93. 5 -290.02765

1. 536 93. 8 -290.00579

1. 508 94. 3 -290.04890

Table 6.2 The Optimum Geometries and Total Energies Calculated
with the Four Basis Sets

Basis R(Si-H)1 2
HSiH

3
Total Energy

1

SlH2 3

4

1. 534 6
1.5100
1.5087

1.5159

94.05
93.975
93.39
93.438

-289.97698
-289. 99736
-290.00329
-290.00876

SiH2 3

4

1.4864
1.4639
1.4818
1.4737

120.65
120.115
119.65
119.95

-289.68534
-289.70803
-289.70993
-289.71748

1

SlH2 3

4

1.5766
1. 5470
1.5581
1.5513

94.275
94. 11
93.55
93.70

-289.99676
-290.01289
-290.01668
-290.02143

1. Bond lengths in R
2. Bond angles in degrees
3. Total energies in atomic units
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Table 6.3 The Orbital Energies for Basis Set 4, Calculated at
the Computed Minimum Energy Configurations ^

SiH2 SiH2 SiH-

lal -68.8121 -68. 1522 -68. 5313

2a, -6. 1384 -6.4753 -5.8585

3al -4.2477 -4.5863 -3.9699

4al -0.6749 -0.9573 -0.4169

5al -0.3351 -0.6703 -0.0895

lbl -4.2503 -4.5888 -3. 9708

2bl -0.0328

lb2 -4. 2486 -4.5858 -3. 9706

2bz -0.4610 -0.7786 -0.214 1

1. Values in atomic units

Table 6.4 Overlap Populations from Basis Set 4 at the Computed
Equilibrium Geometries

SiH2 SiH* SiH~
Overlap: (Si-Si)

4a (H"H)
1 (Si-H)

(H-H')

0.831 0.880 0.733
0.204 0.196 0.234
0.181 0.180 0.185

0.019 0.004 0.030

Overlap: (Si-Si)
5a (H"H)

1 (Si-H)
(H-H')

1.776 0.962 1.783
0.182 0.065 0.202

-0.051 -0.027 -0.065
0.032 0.007 0.036

Overlap: (Si-Si)
2b (H"H)

1 (Si-H)
(H-H')

0.991
0.000
0.002
0.000

Overlap: (Si-Si)
2b (H"H>

2 (Si-H)
(H-H')

0. 342 0.427 0.256
0.559 0.407 0.666
0.182 0.201 0.168

-0.094 -0.022 -0.129

Net Charge on Si
Net Charge on H

0.431 1.025 -0.341
-0.215 -0.012 -0.329

Total Overlap (Si-Si)
(H-H)
(Si-H)
(H-H')

12.945 12.265 13.760
0.946 0.668 1. 102
0.312 0.355 0.291

-0.042 -0.010 -0.063
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Table 6.5 Dipole Moments and Force Constants Calculated

with Basis Set 4

SiHz S1H+ SiH2

Dipole Moment* 0. 335 0. 195 0. 317

Stretching Force Constant^ 5. 383 6.458 4. 267

3
Bending Force Constant 8. 900 6.240 8.430

1. In units of Debye, calculated w.r.t. the centre of mass

-1 5
2. In units of dyne cm x 10

-1 2
3. In units of dyne cm x 10



Table 6.6 Molecular Properties for Silylene Computed at the
Equilibrium Geometry with Basis Set 4. 1

Potential at the Nuclei
3

Dipole Moment
3

Quadrupole Moment

Octapole Moment

Diamagnetic
Susceptibility

2, 3

Electric Field

Electric Field Gradient"

Anisotropic Hyperfine
Coupling

xx

§ (Si)
y
e
e
e

n
n
n

yy

zz

xxz

yyz

zzz

Asymmetry Parameter

Forces on the Nuclei

Net Force on the Molecule

2
Diamagnetic Shielding

V dro avg

V dAj xx

V d(Kjyy
V d

zz

E (Si)

q (Si)
xx

q (Si)
yy

izz<Si'
17 (Si)
FJSi)
F~(SiH2)T*

■ d
avg1

■ d
ff"v»(Si)
a^x(Si)

(Si)

^zz(Si)
yy

Adi/,si>

-49.9337

0. 1315

4.2270

-0.7288

-3. 5482

2.2704

-5. 5848

3.3144

45.0896

55.8314

39. 8098

39.6269

-0.0361

-2. 3455

0.6311

1.7244

0.4744

-0.5054

-0.4944

-88. 6312

-43.3806

-44.7226

-44. 84 31

- 66.6260

$(H) -6.24705

Ez(H) 0.0055

Ey(H)
<WH>

0.0060

0.0576

■WH> -0. 1426

<WH> 0.0851

7 (H) 0.1881

FZ<H> 0.0055

O avg(^) -11.0884

-1.7986

^yy(H) -7.9906

G zz(H) -6. 8433

^Z(H) -5.1291

Adi/H> 40.5708

1. All values in atomic units unless otherwise stated

2. Values in atomic units x 10-3
3. Computed with respect to the centre of mass
4. Anisotropic Hyperfine Coupling Constants in Gauss
5. Indices A and B refer to the Principal Axis coordinate system
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7. The Phosphino Radical, its Ions and some Excited States

7. 1 Introduction

A similar investigation as that on silylene has been

undertaken on the phosphino radical and its ions. In this case,

however, a number of its excited states together with a number

of the excited states of the anion and cation were studied.

The first detailed work on PH^ was reported in 1956 when
Ramsay [137, 138] published its electronic absorption spectrum

and compared it with that from PD^* Further work on PH^ has
utilised many different techniques, such as mass spectrometry

[139, 140], to determine its heat of formation and ionisation

energies; ESR [14 1,142], to determine its hyperfine coupling

constants; and both ab initio [143] and semi-empirical [143, 144 ]

wave function calculations, to determine energies, geometries and

electron occupations.

The work reported here is an extension to the earlier

work on NH_, carried out in this laboratory [145 ]. This work,

however, made no comparison between NH^ and its ions, but such
a comparison was reported later by Heaton and Cowdry [14 6].

7.2 Experimental Observations

In 1959 McCarty and Robinson [147 ] reported that unlike

NH^, P^2 was not Pnear in first excited state, and from the
rotational analysis, valence angles of 97° and 125° were calculated

for the ground and first excited states respectively. These were
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the first of a number of geometries to be reported in the literature.

Pa scat et al with Ram say [148-151 ], again from rotational analyse s

described several attempts at calculating the geometries of these

two state s and in their late st paper [152 ], bond lengths of 1 . 4 1 8 R
and 1. 389 R and valence angle s of 91.7° and 123.2° respectively

were reported. Although these values are quite different from

McCarty and Robinson's [147 ] first results, they are only slightly

different from the bond lengths of 1.417 .§ and 1.389 J? and valence

angles of 91.66° and 123. 15° reported by Dixon, Duxbury and

Ramsay [153, 1 54 ] a few years earlier. From the electronic

absorption spectrum of Dixon [155] also reported an

excitation energy of 287 kJ mol ^ to the first excited state and a

fairly low potential barrier of 72 kJ mol to deformation to the

linear form of the molecule.

Morehouse, Christiansen and Gordy [141] were the first

to study the ESR spectrum of PH^ which was isolated in a solid
krypton matrix. They reported a number of interesting

31
observations. Firstly, from the isotropic P hyperfine coupling

constant of 80 Gauss they concluded that the unpaired electron had

less than 2.2 percent s-charactcr, and the most reasonable

structure was one in which the unpaired electron occupied an

orbital of predominantly p-character perpendicular to the molecular

axis. Secondly, they reported 18 Gauss for the isotropic H

hyperfine coupling constant and 2.0087 for the g value. Finally,

from nuclear hyperfine coupling constants, they showed that the

hybridisation of the bonding orbital was 19 to 27 percent 3s character,
2

giving an angle between the equivalent sp hybridised orbitals of
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between 104° and 112°.

Jackel and Gordy [142] later re-examined the ESR

spectrum of in three different matrices: krypton, argon and

xenon. No spectrum was, however, observed in the argon

matrix, though from the xenon matrix spectrum, they reported
1 31

17.0 Gauss and 81.79 Gauss for the H and P isotropic

hyperfine coupling constants respectively, and 2.0050 was reported

for the g value. 20. 6 percent was reported for the 3s-character

of the bonding orbital, giving a valence angle of 105°. These

calculations may, however, not be very reliable as no account of

possible d-orbital contribution was taken. Symons et al [156]

endeavoured to obtain the ESR spectrum of PH^ formed by solid-
state radiolysis. Unfortunately the perpendicular region was

concealed by intense lines from SO^ and SO^. They did, however,
.31

report a value of 275 Gauss for A^ ( P), 195 Gauss for 2B and

2.002 for the g-value.

The only other experimental information relevant to the

bonding in PH is'from Dixon's [157 ] studies on the spin-rotation
L*

interaction constants of bent AH^ molecules in the doublet electronic
state. The observed constants for PH^ suggested that there was

2
almost pure p-bonding in the B^ ground state, but extensive s-p

2
mixing in the excited state.

The electron affinity of has been measured, the most

recent value being 122.6 + 1 kj mol ^ reported by Zittel and

Lineberger [158] from the study of the laser photoelectron
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spectrum of PH^. They also suggested that the geometry of the
ground state of PH^ should be very similar to the geometry

2
of the ground state of the neutral radical. This was also

suggested by Smyth and Brauman [159] whose latest value for

the electron affinity of PH^ was 120.5 t 3 kJ mol
There have been a number of mass spectral studies on

PH and its ions. Saalfeld and Svec [139], using Neale's method
Ci

[160], have calculated, from the appearance potential of the PH^
fragment in the spectra of PH^ and P H^, the following parameters:
AH° (PH ) = 165. 69 kJ mol"1, AH° (PH *) = 1061. 06 kJ mol"1,£ u £ Z

I(PH2) = 895.38 kJ mol" 1 and EA(PH2) = 4 8. 12 kJ mol* 1. Wada
and Kiser [161 ] have, however, also used this method and there

is a serious discrepancy between the two sets of results, though
O "f" r — 1

their reported value for AH^ (PH ) was 1062.72 kJ mol . McAllister
and Los sing [140 ] reported 94 8. 2 kJ mol [152] and 960.74 kJ mol

[163] for the ionisation potential of PH^ from two different methods
and also reported the following heats of formation: AH° (PH ) =

f 2

138.4 9 kJ mol" 1 and AH°(PH*) = 1087. 0 kJ mol" 1.
f A

7. 3 Previous Calculations

In 1964, Jordan [164 ] described a semi-empirical

quantitative theory for the low-lying electronic states of PH^» PH^
and PH, which was a modification of the Jordan/Longuet-Higgins

[165] theory applied to the hydrides of B, C and N. The two
2 2

lowest lying electronic states were the B^ and A^ states, with
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the Bj state being the ground state. Valence anglesof 91.1 and
118.7° respectively were reported for these two states when a

small percentage of polarising d-character was included in their

wave functions, with an excitation energy of 235.07 kJ mol

He also calculated the heat of formation of PH^ to be -593.72 kJ mol .

Friedemann et al [166] have performed some semi-empirical

SCF-CI calculations on PH^j based on localised bond orbitals. They
predicted the charge distribution, P-H, to be -0.5492: -0.2254 at a

bond length of 1.42 R. Kilcast and Thomson [144 ] have performed

CNDO/2 calculations on some small radicals containing phosphorus.

They reported a bond length of 1.52 R and a valence angle of 91.5°
for PH with unit spin density on the phosphorus p orbital. Finally,

£ X

Hudson and Wiffen [143] have carried out semi-empirical (INDO)

and ab initio (ATMOL) UHF calculations on PH^. The INDO
calculations predicted a bond length of 1.51 R and a valence angle

of 97° and their minimal STO-3G ATMOL calculations predicted a

bond length of 1.45 R and a valence angle of 92°. These values

changed to 1.419 R and 92. 1° respectively when d-functions were

added to the phosphorus atom [167 ]. They also reported isotropic

hyperfine coupling constants calculated with both ire thods. For

the ab initio calculations, they also used an extended basis set of

double-zeta for the valence orbitals and single-zeta for the inner

shells. The best agreement with experiment was, however,

found using the minimal ab initio basis set which produced 78.0

Gauss and -19.5 Gauss for the isotropic hyperfine coupling constants

31 1
of P and H respectively. In all cases, with and without
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polarisation functions, better results were obtained before

spin annihilation.

7.4 Calculations on the Ground States of PH^ and its Ions
The present calculations were carried out using the

corresponding (12, 9/6) Gaussian basis set for PH^ as was used
for silylene. Again, the same four levels of polarisation functions

as described earlier for silylene were used. The exponents, taken

from Veillard's tabulations [128J, were initially contracted as

from the same: the s- exponents being contracted (6,2, 1, 1, 1, 1)

and the p-exponents contracted (3, 3,1,2). Calculations using

these contractions were, however, found to produce an energy

much higher than that from calculations using the contractions

as recommended by Dunning [129 ]. Thus, apart from the first

few calculations, Dunning contractions were used as in the case

of the silylene calculations. The six hydrogen s-exponents were

the same as those used for silylene.

The initial value of the 3d-exponents on phosphorus for

basis set 4 was 0.6, with the value for the hydrogen 2p-exponents

being, as for silylene, 1.08. The optimised values, were,

however, 0.505 and 0.665 respectively. For basis set 3, the

optimum value for the 3d-polarisation functions was 0.482 and

that for the 2p-polarisation functions of basis set 2 was 0.475.

A limited number of calculations on PH^ and PH^ using
the (10,6/5) basis set of Roos [1 68 ] contracted to [5,3/3] were

also carried out for comparison with the results obtained with

the slightly larger (12,9/6) basis set of Huzinaga and Veillard.
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The wave functions for the computed minimum energy-

configurations of these three species were subjected tothe usual

Mulliken population analysis [58], and in addition to the dipole

moments, the stretching and bending force constants were also

calculated. As with silylene, the cation possesses spin density

at the nuclei, and for this species isotropic hyperfine coupling

constants were calculated. Finally, for the closed-shell anion,

a number of other molecular properties were calculated. The

coordinated system used was the same as that used for silylene,

which is shown in Figure 6. 1 .

7.5 Energies and Electronic Configurations of the Ground States

of and its Ions

The ground state of the phosphino radical is a doublet

having the configuration:

(la1)2(2ai)2(lb2)2(lb1)2(3a1)2(4a1)2(2b2)2(5a1)2(2b1)1.
This is the same as for the isoelectronic SiH? except that the lb X

and lb^ orbital s are interchanged. As with silylene and its ions,
the 3a^, lb^ and lb^ orbitals are very close in energy, and their
order was again found to change frequently. ^*2 *S a tr^P^-et
'its ground state , with the configuration:

(la1)2(2a1)2{3a1)2(lb1)2(lb2)2(4a1)2(2b2)2(5a1)1(2b1)1.
Here the 3a^ and lb^ orbitals have interchanged and the open-shell

2b^ o:rbital remains higher in energy than the new open-shell 5a^
orbital. The configuration and geometry are quite different



compared with the isoelectronic silylene, although, as we

shall see later, its excited state is very similar in both

these respects. RR^ has the same configuration as RH^ except
that the 3a^ and lb^ orbitals have been interchanged and the 2b^
orbital now becomes a closed-shell. It should be noted that in

PH^ the lb^ and lb^ orbitals are interchanged for basis set 2 and
the Roos basis set, and in RH^ the 3a^, lb^ and lb^ orbitals are

interchanged for basis set 1, with just the lb^ and lb^ orbitals
interchanging forb-asis set 3.

4- —

The geometries of RH^ and RH^ are not ^nown
experimentally, but our geometry calculated for the parent

molecule using basis set 4 of 93.44° and 1.417 R is in excellent

agreement with the values of 91.7° and 1.418 ^ and 91. 65° and

1.417 R reported by Berthou et al [152] and Dixon et al [153, 1 54 ]

respectively. The reported geometry for PH^ is, however, very
similar to that of RR^' as suggestfib by Smyth and Brauman [159].
Our geometry for PH^ is also in good agreement with Hudson
and Treweek's values of 92. 1° and 1.419 R from their minimal

STO-3G calculations with polarisation functions. We have also

performed STO-3G calculations using GAUSSIAN 70 [76] and the

basis set of Pople et al [77 ] on singlet and triplet RH*. Although

a fairly reasonable bond angle of slightly less than 120° was

predicted for the triplet, the singlet was predicted to be linear as

was the isoelectronic silylene molecule. The triplet was,

however, predicted to be the ground state.
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The optimum geometries and total energies for the three

species are given in Table 7. 1 for the four basis sets, together

with the equivalent results from the Roos (10,6/5) and the Veillard

contracted (12, 9/6) basis sets for PH^ and PH^ for comparison.
Table 7. 1 clearly shows that the Roos basis set gives very poor

results indeed, while the gain in energy fncm the Veillard

contraction to the Dunning contraction is more apparent in PH^
than in PP^* This is not really surprising as the relaxation in
the contraction is taking place in the orbitals which have to hold

the excess charge, that is the orbitals formed from the 3p atomic

orbital s.

The orbital energies calculated at the computed minimum

energies of the three species with basis set 4 are given in Table 7. 2.

The effect of adding or removing an electron is the same as in the

case of silylene, making it easier to remove an electron from the

anion and more difficult to remove one from the cation than from

the phosphino radical itself.

The calculated ionisation energy and electron affinity of

the phosphino radical were 829.00 kJ mol and 1.92 kJ mol

respectively. The experimentally reported values for the

ionisation energy range from 890 kJ mol * [169] to 960 kJ mol

[140] and those for the electron affinity range from 4 8. 12 kJ mol

[139] to 120.5 kJ mol * [159]. Once again, the discrepancies

between theory and experiment are quite large, although at least

we have predicted the correct sign for the electron affinity in this

case.
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One final interesting point is the effect of increasing

the bond angles of these three species to 180°. The most

obvious effect is the change in the calculated total energies frcm

basis sets 2 and 3. As 150° is approached the differences in

these energies for each of the three species decrease until above

150° the energies calculated with basis set 2 become lower than

those calculated with basis set 3. This clearly shows the

increasing importance of the 2p-polarising functions over the 3d-

polarising functions as the bond angle increases towards 180°.
This will be discussed further in the section on population

analyses and bonding. With basis set 4, the calculated potential

barriers to this process for these three species are: 350 kJ mol" ^
for the phosphino radical and its anion, and 130 kJ mol for the

cation. The value for the radical is, however, much greater than

the 72 kJ mol * reported by Dixon [155 ] from studies on its

electronic absorption spectrum.

7.6 Ground State Population Analyses and Bonding

The population analyses of these three species are not

only very similar to each other but also very similar to those of

silylene and its ions. Thus, reference will be made where

appropriate to these species also. Again, the la^ and 2a^
orbitals are derived from the Is and 2s atomic orbitals of silicon,

with the 3a orbital being derived from its 2p atomic orbital.
J. z

The composition of the 4a^ orbital is the same as that
for silylene, the same effects on adding and removing an electron

and adding polarisation functions being observed. The only



difference is that for the species containing phosphorus, the 3s

atomic orbital contribution is on average 15 percent greater than

for the species containing silicon, with a corresponding decrease

in the contributions from the Is atomic orbitals of the hydrogens.

The 5a^ orbital of the phosphino radical and its anion has
a small antibonding P-H overlap with a slightly larger bonding

overlap between the hydrogens. For the cation, however, this

is one of its open-shell orbitals and it has a much larger P-H

antibonding overlap with a smaller bonding overlap between the

hydrogens. As with silylene, the contribution from the hydrogen

atoms is particularly low in the case of the cation, effectively

localising the unpaired electron on the phosphorus atom.

The phosphorus lone pairs are, as with silylene, the lb^
orbital from its 2p atomic orbital and the lb_ orbital from its 2p

x 2 y

atomic orbital.

In this case the 2b^ orbital is occupied in all three species,
and is an open-shell in the phosphino radical and its cation. For

the anion it forms yet another lone pair on phosphorus, the single

electron of the other two species also being localised on the

phosphorus atom. It is formed from the phosphorus 3p atomic

orbital, and the largest contribution from the hydrogen atoms is

from their 2p polarisation functions, which disappears without

these functions, as does the small positive P-H overlap. This is

consistent with the ESR results mentioned earlier [141 ].

The 2b^ orbital is very similar to the equivalent orbital
of silylene and its ions, and all that was said then applies here

also. One interesting point is that the overall contributions are
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most similar between the phosphino radical and SiH^ so that in
the case of PH^, the greater contribution comes from the 3p2 y

atomic orbital of silicon.

Optimising the polarisation functions had no large effect

on the composition of the orbitals except that the overall

contribution from these functions increased substantially. The

effect of changing from Veillard's contraction scheme to that of

Dunning was most apparent in the 2b orbital where the

contributions from the hydrogen atoms decreased substantially,

with an equivalent increase in that from the phosphorus atom.

The population analysis produced by the (10, 6/5) basis set of Roos

was very similar to that of basis set 1, except that the overall

bonding P-H overlap was rather smaller as was the antibonding

overlap between the hydrogen atoms.

On increasing the bond angles of these three species to

180°, their symmetry changes from C to D . The a orbitals2 v ooh 1

now become cr orbitals, the b, become TT and the b_, become
g 1 g ^

TT orbitals. As there are no occupied orbitals of a^ symmetry,
there are consequently none of C symmetry in the linear case.

The largest effect of increasing the angle comes in the orbitals of

a^ symmetry when there is a gradual separation of the s- and p -

atomic orbital contributions. Thus, at 180° the 3a^ and 5a^
orbitals are composed only of the p -atomic orbitals of phosphorus

z

and the hydrogens, while the la^, 2a^ and 4a^ orbitals contain
no contributions from these orbitals. The TT and or orbitals

g u

remain essentially the same as the b^ and b^ orbitals from which
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they were derived, though the 3d-atomic orbital contribution is

lost completely as is the 2p polarisation function contribution
z

from the b? orbitals.

This is thus the reason for the decrease in importance

of the 3d-polarisation functions mentioned earlier. Their

contribution is lost completely fromthe 3a^ and 5a^ orbitals
and also from the orbitals of b^ and b^ symmetry. In the linear
species the 3d-functions contribute only to the first, second and

fourth sigma orbitals, and so the 3d and 3d functions join°
xz yz

the 3d function in making no contribution at all. The overall
xy

change in the 2p-polarisation function contribution is much less

drastic than this. The la , 2a and 4a orbitals lose their 2p11 1 z

contribution with the 2p contribution staying roughly the same.

The 3a, and 5a, orbitals, however, lose their 2p contribution with
II y

an increase in their 2p contribution. The contribution from the 2p
z x

polarisation functions to the b, orbitals increases as does the 2p
1 y

contribution to the b,, orbitals, though here also the 2p polarisation2 z

function contribution disappears. The difference in the total energy

of any one of these species between basis sets 1 and 2 shows that

there is a small decrease in the effectiveness of the 2p-pola risation

functions as the bond angle is increased to 180°. For the phosphino

radical, this difference is roughly 0.023 a.u., at the equilibrium

bond angle and about 0.021 a.u., at 180°.
Table 7. 3 shows the overlap populations of the bonding

orbitals and the total overlap populations as calculated with basis

set 4 for the three species at their equilibrium geometries. The

net charges on the atoms are also shown in this table.
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7.7 Molecular Properties

The dipole moments and the stretching and bending force

constants are shown in Table 7.4 for the phosphino radical and its

ions, as computed with basis set 4. For the closed-shell anion,

a number of other molecular properties were also calculated.

Those computed with basis set 4 are presented in Table 7.5 . As

with silylene, the addition of polarisation functions made a

substantial difference to the value of the dipole moment, although

their effect on the other computed properties of was more

marked than on the equivalent values for silylene. This is

probably because more diffuse orbitals are essential for describing

the residual charge on PH . In addition, for PH^ which has an

unpaired electron in a sigma-type orbital, we have calculated spin

densities and isotropic hyperfine coupling constants. Those computed

with basis set 4 are:

A. (XH) = 38. 28 G and A. (3*P) = 1079. 02 G
ISO ISO

None of the properties calculated have been measured

experimentally and so they will not be discussed any further.

7.8 Excited States

At present, we are involved in an extensive survey of some

of the low-lying excited states of the phosphino radical and its ions.

As mentioned earlier, the ground state electronic
2

configuration of the phosphino radical is:

(la1)2(2a1)2(lb2)2(lb1)2(3a1)^4a1)2(2b2)2(5a1)2(2b1)1.
Three doublet excited states are being studied:
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2
1. A^, where an electron is promoted from the doubly occupied

5a^ orbital to the singly occupied 2b ^ orbital.
2

2. Aj, where the open-shell electron in the 2b^ orbital is promoted
to the lowest energy unoccupied orbital, the 6a^ orbital.

2
3. B^, where the open-shell electron in the 2b ^ orbital is

promoted to the next but one lowest energy unoccupied orbital, the

3b^ orbital.
In addition, we have attempted to investigate a quartet and a doublet

4 2
state with three open shells. These states, and B^' respectively,
are formed by the promotion of an electron from the doubly occupied

5aj orbital to the lowest energy unoccupied orbital, the 6a^ orbital.
2

As yet, only the work on the A^ state has been completed
2 2

with that on the A 1 and B? states nearing completion. In the case1 u

of the quartet state, we have managed to obtain convergence at one

geometry only, that of the experimental bond length for the ground

state, and the angle of 120°. This has taken about twenty-five

hours of 360/44 computer time, with frequent changes in the

vectors needing to be made. Even when a reasonable set of vectors

had been created, the rate of convergence was still very slow.

Only one attempt has been made, so far, to obtain convergence for
2

the B ' state. This was unfortunately unsuccessful.
3

The ground state electronic configuration of the B^
cation is:

(la1)2(2a1)2(3a1)2(lb1)2(lb2)2(4a1)2(2b2)2(5a1)1(2b1)'.
3

One other triplet state is also being studied, the B^ state, where
an electron from the doubly occupied 2b^ orbital is promoted to the
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singly occupied 2b^ orbital; and one singlet state, the state,
where the two open-shell electrons are spin paired in the 5a^
orbital. In addition, one attempt has been made to obtain

convergence for the state, which is the singlet equivalent
3

of the B^ ground state, but this was unfortunately unsuccessful.

Only the work on the excited state has been completed.

The ground state electronic configuration of the A^ anion is:

(la1)2(2a1)2(lb2)2(3a1)2(lb1)2(4a1)2(2b2)2(5a1)2(2b1)2.
In addition, three excited triplet states are being studied:

3
1. B^, where an electron is promoted from the doubly occupied

2b^ orbital to the lowest energy unoccupied orbital, the 6a^ orbital.
3

2. A^, where an electron is promoted from the doubly occupied

5a^ orbital to the lowest energy unoccupied orbital, the 6a^ orbital.
3

3. B^, where an electron is promoted from the doubly occupied

2b^ orbital to the lowest energy unoccupied orbital, the 6a^ orbital.
3

Only the work on the A^ state has been completed so far, and none

of the equivalent singlet calculations have as yet been attempted.

Tables 7. 6, 7. 7 and 7. 8 show the geometry and energy-

results obtained so far for basis set 4 only. The values for the

quartet excited state of PH^ are for the single calculation performed.
Further comment on these excited states will be delayed until

a later date, when it is hoped to produce a more extensive manuscript

on the completion of this survey.
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Table 7. 1 The Optimum Geometries and Total Energies Calculated
from the Four Basis Sets

PH.

PH.

PH.

Basi s

1

2

3

4

Roos

H/V4
1

2

3

4

1

2

3

4

Roo s

H/V-

1
R(P-H) HPH Total Energy

1.4420
1.4103

1.4240
1.4173
1.4280
1.4280

94. 60
94. 00
93. 31
93. 44
94. 50
94.75

-341

-341

-341

-341

-341

81796
84453
84 911
85720
67520

-341.81625

1.4198
1.3933
1.4065
1.4007

120.475
120.025
1 18. 10
118.45

-341.49784
-341.52522
-341.53162
-341.54155

,4661
,4333
,4430
4355

,4817
,4764

93.675
93. 38
92. 86
93.095
94. 30
94. 00

82330

84618
84 827
85647
65950

-341

-341

-341

-341

-341

-341.80595

1. Bond lengths in
2. Bond angles in degrees
3. Total energies in atomic units
4. Veillard contraction of the Huzinaga/Veillard basis set

Table 7.2 The Orbital Energies for Basis Set 4, Calculated at
the Computed Minimum Energy Configurations *

PH2 PH2 PH2

lal -79.9691 -80.3291 -79.6639

2a -7.4925 -7. 8492 -7. 1878

3a -5. 3927 -5.7526 -5.0902

4 a -0.8206 - 1. 10 84 -0.5405

5a -Q„4 155 -0. 8479 -0.1454

lbl -5.3937 -5.7521 -5.0888

2b -0.3652 -0.7344 -0.0316

lb2 -5.3937 -5.7518 -5.0911

2b2 -0.5255 -0.8634 -0.2542

1. Values in atomic units



Table 7.3 Overlap Populations from Basis Set 4 at the Computed
Equilibrium Geometrie s

PH2 PH2 PH2
Overlap (P-P)

4a (H"H)
1 (P-H)

(H-H')

1.020 0.944 0.935
0.147 0.169 0.167
0. 164 0. 177 0.171
0.014 0.004 0.027

Overlap (P-P)
5a (H"H)

1 (P-H)
(H-H')

1.627 0.958 1.633
0.182 0.063 0.205

-0.011 -0.024 -0.027
0.027 0.006 0.034

Overlap (P-P)
2b (H'H)

1 (P-H)
(H-H')

0.988 0.992 1.968
0.000 0.000 0.001
0.003 0.002 0.008

0.000 0.000 0.000

(P-P)
2b (H"H)

2 (P-H)
(H-H')

0.461 0.527 0.365
0.467 0.352 0.572
0.188 0.200 0.180

-0.072 -0.015 -0.014

Net Charge on P
Net Charge on H

0.219 0.871 -0.563
-0.109 0.065 -0.218

Total Overlap (P-P)
(H-H)
(P-H)
(H-H')

14.094 13.419 14.900
0.797 0.584 0.945
0.344 0.355 0.332

-0.031 -0.004 -0.058

Table 7.4 Dipole Moments and Force Constants Calculated
with Basis Set 4

PH2 PH2 PH"

Dipole Moment* o • oo 0. 523 -0.126

Stretching Force Constant^ 7.260 7. 903 6.405

Bending Force Constant 1.021 0.739 0. 966

1. In units of Debye, calculated w. r.t. the centre of mass

2. In units of dyne cm x 10

3. In units of dyne cm ^ x 10
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Table 7.5 Molecular Properties for PH^ Computed at the
Equilibrium Geometry with Basis Set 4

Potential at the Nuclei
3

Dipole Moment
3

Quadrupole Moment

$(P)

9

Octapole Moment

Diamagnetic Susceptibility

xx

yy

zz

xxz

nyzz" L zzz

2,3yd
avg

9

6

n
a

xdXX

d

Electric Field

Electric Field Gradient"

Asymmetry Parameter

Forces on the Nuclei

Net Force on the Molecule

Diamagnetic Shielding^

^yy
yd
^zz

EZ(P)

q (p)
XX

q (p)
yy

q77(p)ZZ

i/(p)
F (P)

-55.1793

0. 1636

-3.0234

2.6293

0.3941

2. 934 6

-4.6117

1. 6771

54.7730

58. 3415

53.0323

52. 9446

-0.0397

1.4718

-1. 37 80

-0.0938

0. 8725

-0.5955

-0. 5845

$(H) •7. 1104

Ez(H) 0.0055

Ey(H)
qxx(H)

0.0062

0. 1214

-0.2066

%B(H) 0.0852

V (H) 0.1752

Fz(H) 0.0055

J. x L.'

crfvg(p) -97. 9422 O avg(^) - 12.6208

<7<yp) -48. 7055 -2.3178

<TYYiF) -49. 0427 0dyy(H) -8.8998

<^<P> -49. 164 5 -7.7135

v3,p>
-5. 8414

3. 9966 Adip(1H> 47.9080Anisotropic Hyperfine
Coupling

1. All values in atomic units unless otherwise stated
-5

2. Values in atomic units x 10

3. Computed with respect to the centre of mass

4. Anisotropic Hyperfine Coupling Constants in Gauss

5. Indices A and B refer to the Principal Axis coordinate system
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T able 7. 6 Geometry and Energy Results for PH, and some of
its Excited States

State R(P-H)1 /\ 2
HPH

3
Energy

1.4173 93.44 -341.85720

'A1 1.3936 121.613 -341.77013

s 1.428 120 -341.68396
2

A 1
,1

1. 6060 153.275 -341. 65947

'B2 1. 54 64 80.925 -341. 64 997

1. Bond lengths
o

in A 2. Bond angles in degrees
3. Total energies in atomic units

Table 7.7 Geometry and Energy Results for PH^ and some of
its Excited States

z

State R(P-H)1 2
HPH

3
Energy

X 1.4007 118.45 -341.54155

A1 1.4172 94 . 04 5 -341.51925

s 2. 6459 4 88.45 -341. 384
1, 2 and 3 same as for Table 7. 6
4. These values are not fully optimised

Table 7.8 Geometry and Energy Results for and some of
its Excited States

State R(P-H)1 2
HPH IT 3Energy

1.4355 93.095 -341. 85647

S 1.5635 , 105.50 -341.764

s 1. 9402 22.46 -341.74452

A1 1.5904 180 -341.73738

1, 2, 3 and 4 same as for Table 7.7



8. HNB

8. 1 Introduction

Interest in HNB was first stimulated by correspondence

with Professor R.F. Porter of Cornell University, New York:

the result of his interest in a previous publication from this

laboratory on HBO [169], the infra-red spectrum of which he had

observed [170]. He was currently interested in the H-B-N system

and had observed the infra-red spectrum of both HNBH (imidoborane)

and HNB [171 ]. Imidoborane has been studied theoretically at the

ab initio level independently by Baird and Datta [172] and by

Armstrong and Clark [173]. Baird and Datta, using a minimal

STO-3G basis set, studied the conformation of imidoborane and

reported it to be linear. In addition to the geometrical parameters,

population analyses were also reported. Armstrong and Clark used

a minimal contracted Gaussian basis set, and they also studied the

formation of the dimer and trimer of imidoborane. Armstrong and

Clark's reported energy is about 0. 8 a.u. , lower than that

reported by Baird and Datta.

To the knowledge of the authors, however, there have been

no previous reports of calculations on HNB, and we have carried

out LCAO-MO-SCF calculations on this species, its ions and some

of its excited states. Comparisons will be made with the smaller

basis set calculations on imidoborane, although a limited number

of calculations on this speci es will be done in this laboratory for

a direct comparison. The only experi mental properties reported

by Lory and Porter [171 ], with which we can compare our
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theoretical findings, are the stretching force constants; and

this will be done in the appropriate section,

8.2 Calculations

The calculations were carried out using two Slater-type-

orbital basis sets, one of double-zeta accuracy and one of best

atom plus polarisation function accuracy. All exponents were

taken from the tabulations of McLean and Yoshimine [88],

and the basis set compositions were as follows:

DZ H (2a) N (6ct,2tt) B (6a, 2tt)

BA+P H (4 a, 2 it ) N(11ct,6tt) B(llff,6ir)

The hydrogen atom polarisation functions for the second basis set

included both p- and d-functions, while those on boron and

nitrogen included both d- and f-functions.

In addition to the ground state and the ions, three doublet

excited states were also studied, two of pi symmetry and one of

sigma symmetry. The minimum energy configurations were

calculated with the double-zeta basis set for all but the first

excited sigma state. For this state, the N-B bond was optimised

to give an energy minimum, but convergence troubles were

experienced when the H-N bond was optimised. Convergence was

achieved for R(H-N) up to 1.21 R, but for R(H-N) greater than

and equal to 1. 2125 R, the SCF failed to converge.

The work on the BA+P basis calculations is as yet

incomplete, and only the ground state has been fully optimised.

The N-B bond length for the ions and the excited states has been
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optimised, but only approximate values of the H-N bond length

are available at present. The reason for the convergence troubles

for the excited sigma state is as yet uncertain: with the BA+P

basis set, the largest value of R(H-,N) used is 1.00 ^ and the

energy of this sigma state is still decreasing. Nevertheless, as

R(H-N) is increased, it is becoming more difficult to achieve

convergence, and so it is thought that a point will be reached when

the SCF will not converge for this basis set also.

One possible reason for the convergence troubles might

have been due to the problem state being non-linear. Having no

efficient programmes for doing STO calculations on bent species

in this laboratory, some GTO calculations were done to test this

possibility. A DZ+P ba sis set was used, the exponents being taken

from Huzinaga's tabulations [87 ], and the problem state was

found to be linear. The second excited doublet pi state was, however,

found to be bent, and so its bond angle was optimised. The Gaussian

calculations were carried out using the MOLECULE system of

programmes [7 0'].

8.3 Energy Results and Electronic Configurations
2 ^ +

The ground state of HNB is linear and of ^ symmetry.

Its electronic configuration is:

(lcr )^(2cr)^(3cr)^(4cr) ^(5<r) * (Itt
1 ^ +

The JLi cation is formed by the removal of the single electron

from the fifth sigma orbital and the anion by the addition of
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an electron to the fifth sigma orbital. The two pi excited states

studied have the following configurations:

2
u (1) (lcr)2(2<r)2(3cr)2(4cr)2(lTT )3(5cr)2.

2 H (2) (lo-)2(2<r)2(3o-)2(4<x)2(lTT )4(2tt )*.
Finally, the configuration of the doublet sigma excited state is:

2 ^+(2) (1°" )^(2<t) 2(3ct) 2(4ct) 2( 1 tt )4 (Scr)1.
The computed equilibrium bond lengths, total energies

and virial ratios for the double-zeta STO basis set are given in

Table 8. 1 . The values for the excited doublet sigma state are

for the longest R(H-N) calculation which converged. The same

quantities for the BA+P STO basis set calculations are given in

Table 8.2, though it should be borne in mind that except for the

ground state results, these are not the fully optimised values.

On bending HNB, the degeneracy of the pi orbitals is

removed, so that the p -atomic orbitals contribute to molecular
x

orbitals of a' symmetry (as do the s- and p -atomic orbitals)
z

and the p -atomic orbitals contribute to molecular orbitals of
y

a" symmetry. The electronic configuration of the ground state

in its non-linear form is then:

(la,)2(2a')2(3a')2(4al)2(5al) (6a')2(la") ,

2
and is of A' symmetry. The only state of interest in its non-linear

2 2
form is the TT(2) state which becomes another A' state with the

electronic configuration:

(la')2(2a')2(3a')2(4a')2(5al)2(la")2(7a')1.
Here the first four a' orbitals are formed from the first four sigma



orbitals of the linear form. The 5a' orbital is formed from the

first pi orbital as is the la" orbital. The 7a' orbital is formed

from the second pi orbital, while the unoccupied 6a' orbital is

formed from the unoccupied fifth sigma orbital.

The total energies for the GTO and STO calculations

are given in Table 8. 3 for the six states in linear conformation

for comparison. The bond lengths chosen here are the optima

for the ground state from the double-zeta STO calculations, and

it can be clearly seen that even though polarisation functions are

included in the double-zeta GTO basis set, the energies computed

with the double-zeta STO basis set are much lower. The total

energy of the bent state at its optimum bond angle of 116° is

-79. 3283 a. u. , with a virial ratio of - 1. 998.

The orbital energies computed at the calculated minimum

energy configurations are shown in Table 8.4 except for the first

excited sigma state. No further results wili be reported on this

problem state until further investigations have been made. The

orbital energies for the ground state computed with the BA+P STO

basis set are also shown in Table 8.4, while those for the second

doublet pi excited state at its optimum angle are shown in Table 8.5

As with the other molecules studied, the orbital energies of the

cation are more negative than those of the parent species, while

those of the anion are less negative. This is particularly apparent

in the valence orbitals. Bending the second doublet pi excited

state has made little difference to the orbital energies of this

state, the computed values from the bent conformation being very



close to those of the linear conformation. The effect of

increasing the basis set size is in general to decrease the

values of the orbital energies.

The ionisation energy of HNB, as calculated with the

double-zeta STO basis set, is 1149.47 kJ mol and the electron

affinity is *-32. 66 kJ mol . As yet we are unable to quote

values calculated with the BA+P STO basis set, but a rough

estimate indicates that they are quite similar. We do not consider

these values to be too reliable, especially the negative value for

the electron affinity. The only excitation energy which we can

quote from the STO calculations is that to the first excited state,

2 -1
TT( 1), and is 153.52 kJ mol . The equivalent value for the

second doublet pi excited state from the GTO calculations is

694. 14 kJ mol * and the energy required to straighten this species

is 96.39 kJ mol * .

8.4 Population Analyse s and Bonding

In the ground state of HNB, there are four closed shell

sigma orbitals, one closed shell pi orbital and one open shell

sigma orbital. The first and second sigma orbitals are largely

derived from the Is atomic orbitals of nitrogen and boron

respectively.

The third sigma orbital comprises 75 percent from the

2s atomic orbital of nitrogen with about 8 percent from each of

the Is atomic orbital of hydrogen and the 2s and 2p (sigma) atomic

orbitals of boron. The main effect on this orbital of increasing
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the basis set size from DZ to BA+P is to increase the contribution

from the Is atomic orbital of hydrogen at the expense of the other

contributing atomic orbitals. The polarisation function having

the largest contribution is the 2p (sigma) of the hydrogen followed

by the 3d (sigma) of hydrogen then the 3d (sigma) polarisation

functions of both boron and nitrogen: the 4f (sigma) polarisation

functions having a smaller effect.

The fourth sigma orbital is again mainly from the nitrogen

orbitals, 70 percent from its 2p (sigma) atomic orbital with 5 percent

from each of the 2p (sigma) and 2s atomic orbitals of boron and 20

percent from the Is atomic orbital of the hydrogen. As with the

third sigma orbital, increasing the basis set to BA+P accuracy

increases the contribution from the hydrogen atom. Its Is atomic

orbital now contributes 30 percent, the nitrogen 2p (sigma) atomic

orbital contribution being cut to 55 percent with a doubling of the

contribution from the 2s atomic orbital of boron. The polarisation

function contri bution to this orbital is small compared with the

third sigma orbital, but again, the largest contributions are from

those on the hydrogen atom.

The fifth sigma orbital is the open-shell orbital and is

mainly localised on boron, with 56 percent s-character and 4 3

percent p-character. Increasing the basis set size has little effect,

the 2s atomic orbital contribution is decreased by about 3 percent

while the 2p (sigma) atomic orbital contribution is increased by

the same amount. The polarisation function contributions to this

orbital are negligible.



The pi orbital comprises 7 5 percent from the 2p (pi)

atomic orbital of nitrogen and 25 percent from that of boron.

The effect of increasing the basis set size to BA+P accuracy is

to reduce the contribution from boron slightly to allow for the

polarisation function contributions, the largest of which is from

the 2p (pi) atomic orbital of hydrogen and the 3d (pi) of boron.

In general, then, there is a shift of electron density to

the hydrogen atom on increasing the basis set size from DZ to BA+P

accuracy. This is clearly shown in Table 6.6 which gives the
i

net charges on the atoms for all the completed calculations.

In the case of the cation, the odd electron in the fifth

sigma orbital is removed. The effect of this on the third sigma

orbital is to decrease the contribution from the s atomic orbitals

of both hydrogen and nitrogen, with a corresponding increase in

the contribution from the boron 2s atomic orbital and the 2p (sigma)

atomic orbitals of both boron and nitrogen. For the fourth sigma

orbital, the Is atomic orbital contribution is again decreased, while

that from the 2s atomic orbital on'nitrogen is increased by an

equivalent amount. The other contributions to this orbital remain

roughly the same. The effect on the pi orbital is to shift electron

density to the boron, the contribution in this case is 32 percent

from the 2 p (pi) atomic orbital of boron and 68 percent from that

of nitrogen. Table 8.6 shows that most of the effect of electron

removal is felt by the boron, as the odd electron in the ground

state is essentially localised on this atom.
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The effects of adding an electron to the fifth sigma orbital

are essentially the opposite to those observed on removing one.

For the third sigma orbital, the contributions from the s-atomic

orbitals of hydrogen and nitrogen are increased while the other

contributions to this orbital are decreased. For the fourth sigma

orbital, the s-atomic orbital contributions of both hydrogen and

boron are increased, while that from the 2p (sigma) atomic

orbital of nitrogen is decreased. The fifth sigma orbital now

contains two electrons and they are essentially localised on the

boron with 72 percent from its 2s and 28 percent from its 2p (sigma)

atomic orbitals. The effect on the pi orbital is to shift the

electron density from boron to nitrogen, the contribution in this

case being 7 8 percent from nitrogen and 22 percent from boron.

As with the cation, table 8. 6 shows that most of the effect is

again felt by the boron atom.

The first doublet pi excited state is formed by the

excitation of an electron from the pi orbital to the fifth sigma

orbital. The pi orbital is thus left with three electrons, the

contribution being 89 percent from nitrogen and 11 percent from

boron. The two electrons in the fifth sigma orbital are, as with

the anion, essentially localised on boron, 75 percent from its 2s

atomic orbital and 25 percent from its 2p (sigma) atomic orbital.

The effect on the third sigma orbital is the same as that for the

formation of the anion: that is, the contributions from the s-atomic

orbitals on hydrogen and nitrogen are increased, while the other

contributions to this orbital are decreased. The fourth sigma

orbital shows an increased contribution from the 2s and 2p (sigma)
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atomic orbitals of boron at the expense of the hydrogen Is atomic

orbital contribution. The overall effect is to shift electron density

from nitrogen to boron.

In the case of the second doublet pi excited state, the odd

electron in the fifth sigma orbital is promoted to the next lowest

energy orbital which is of pi symmetry. The contribution to this

second pi orbital is then one third from the 2p (pi) atomic orbital

of nitrogen and two thirds from that of boron. This shift of

electron density from boron to nitrogen, (the fifth sigma orbital

being essentially localised on boron) is more than compensated for

by reverse shifts in the other orbitals. The first pi orbital is now

composed of one third from the 2p (pi) atomic orbital of boron and

two'thirds from that of nitrogen, while in the case of the fourth

sigma orbital, the contribution from the 2p (sigma) atomic orbital

of nitrogen is decreased in favour of the 2s atomic orbital of boron.

The overall charge shift is then from nitrogen to boron as shown

in Table 8.6 . The effect on the population analysis of bending

this state is in general to decrease the contribution from the nitrogen

atomic orbitals while increasing the contributions from those of

boron and hydrogen. The overall charges on the atoms are

-0. 019 for hydrogen, -0.051 for nitrogen and +0 . 070 for boron

cl early showing a more equal sharing of the electron density in the

bent conformation.

A comparison of this work on HNB with that of Armstrong

and Clarke [17 3] on HNBH shows that the extra hydrogen atom

makes very little difference to the H-N-B structure. The orbital
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energies remain roughly the same, except for the fifth sigma

orbital which becomes a closed shell in HNBH. They reported

a larger R(B-N) of 1.272 R but the value quoted by Baird and

Datta [172 ] is 1.23 R which is very close to our value for HNB.

The contributions to the electron density from H , N and B are

similar to those found for our DZ STO basis calculation on HNB

with that from H being very close to unity. Their calculated

charges on the atoms are +0. 324 for H , -0. 623 for N, +0. 264

for B and +0.035 for H .

B

8.5 Molecular Properties

The only properties which we are able to compare with

experimental values are the stretching force constants. We have
5 -1

calculated the H-N force constant to be 9. 01 x 10 dyne cm with

both the DZ and the BA+P basis sets, and the N-B force constant

5 5 -1
to be 15.40 x 10 and 16.24 x 10 dyne cm with the DZ and BA+P

basis sets respectively. The values observed by Lory and Porter

5 - 1 •

[171] we re 7.38 x 10 dyne cm for the H-N fore e constant and

15.72 dyne cm * for the N-B force constant. They mentioned,

however, that they expected their B-N force constants to be low

because of coupling between the B-N and H-B frequencies, which

they took no account of.

We have calculated isotropic hyperfine coupling constants

for the ground state of HNB with both basis sets, and they are

as follows:
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DZ BA+P

A. (*!+) 2. 129 G 2. 590 G
15°

A. ( N) 12.822 G 12.502 G
1SO

11
A. ( B) 336.135 G 344.187 G.

ISO

In view of our findings on the isotropic hyperfine coupling

constants for boron monosulphide, we expect the BA+P basis set

results to be reasonably close to the experimental quantities.

2
Also, for the bent A' state studied in Gaussian basis, the open

shell orbital now has a finite contribution at the nuclei, unlike the

pi orbital from which it was formed. The isotropic hyperfine

coupling constants for this state are:

A. (1H) = 35.796 G A. (14N) = 9.561 G
ISO ISO

A. (11B) = 1.017 G
ISO

In addition, a number of other molecular properties have

been calculated from the completed Slater basis set calculations,

and these are shown in Table 8.7. The only large effect of

increasing the basis set from D Z to BA+P accuracy is seen in

the value for the dipole moment, although the force on the

molecule is naturally substantially reduced.
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Table 8. 1 The Computed Equilibrium Bond Lengths, Total Energies
and Virial Ratios for the Double-Zeta Basis Set

Calculations

State R(H-N)1 R(N-B)1 2
Total Eiiergy Virial Ratio

0.98350 1.22225 -79.633313 -1.99957

2u(1) 0.99275 1.37350 -79.574860 -1.99935
2
tim 0.98050 1. 2 827 5 -79.332625 -1.99876

zg+(2) 1.21 1.20075 -79.249672 -

l^-i +
>, Cation 1.00225 1. 19175 -79.195640 -2.00077

1
.

> Anion 0.98358 1.26075 -79.645749 -1.99800

1. Geometries in A
2. Energies in atomic units

Table 8.2 The Computed Equilibrium Bond Lengths, Total Energies
and Virial Ratios for the BA+P Basis Set Calculations

State r(h-n) 1 R(N-B)1 2
Total Energy Virial Ratio

22+(i) 0.97850 1.21675 -79.681605 -2.00000

2ii(i) 0. 99 3 1.36050 -79.593 3
2
itu) 0. 98 3 1.25550 -79.392 3

2si+(2) - 1. 18375 -

2 Cation 1.01 3 1. 17750 -79.250 3
* *>]+Anion 0. 98 3 1.27250 -79.695 3

1. Geometries in A

2. Energies in atomic units
3. These are not fully optimised values

Table 8. 3 Total Energies for the GTO and STO Calculations for
the Six States in Linear Conformation *

2s+(i) 2ir(i) 2 n<2) 22l: ^^fcation ^^e^anion
sto

gto

-79.633313 -79.549822 -79.326806 -79.195181 -79.193636 -79.643465

-79.582893 -79.499493 -79.276374 -79.171259 -79.157767 -79.576822

1. Energies in atomic units
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Table 8.4 Orbital Energies at the Computed Minimum Energy
Configurations

BA+P

2s:+(i)
DZ

2s:+(i) 2n(i) 2n(2) 1 "^4-Zi Cation
1 «v*+A .A Anion

la -15.5343 -15.5424 - 15.6175 -15. 5140 -15.8971 -15.2444

2a -7.6363 -7.6607 -7.6790 -7.7061 -8.1161 -7.3131

3a -1. 1241 -1.1301 -1. 1590 -1.0781 -1.4655 - 0. 84 1 5

4a -0.7458 -0.7503 -0.7918 -0.7088 -1.0616 -0.4689

5a -0.4773 -0.4738 -0.3544 -0.0554

lor -0.4392 -0.4418 -0.5178 -0.4104 -0.7697 -0.1567

2TT -0.1714

1. Orbital Energies in atomic units

Table 5.5 Orbital Energies for the
7
A' State at its Minimum Energy

Configuration
la1 2a' 3a' 4a' 5a' 7a' la"

2a.
Ex. St.

-15.5676 -7.6947 -1. 1215 -0.6581 -0.4542 -0.2179 -0.4115

1. Orbital Energies in atomic units

Table 8.6 Net Charges on the Atoms

BA+P

2 2+(l)
DZ

2 (i) 2n(i) ■ 2n(2)
1 .+
2 Cation J^+Anion

H 0.025 0.401 0.418 0.399 0.524 0. 277

N -0.533 -0.870 -0. 678 -0.749 -0.624 0. 935

B 0. 508 0.469 0.260 0. 350 1.100 0. 342



AverageDiamagnetic
Shielding"

AnisotropicHyperfine CouplingConstant^

g(H)
av tfivg(N) ^tvg(B) A,.(XH)dlp14

A,.(N)diPu
WB)

10.648110.567010.247010.5617 37.461037.424736.874537.2803 26.064225.992525.3794 179.010169.472164.446 7.152 44.844

5.819 43.048

1.Allvaluesinatomicunitsunlessotherwisestated
_5

2.DiamagneticSusceptibilitiesinatomicunitsx10 3.AverageDiamagneticShieldingsinatomicunitsx10 4.AnisotropicHyperfineCouplingConstantsinGauss 5.Calculatedw.r.t.thecentreofmass
-5

5.357 41.888

9.912010.9905 36.883437.8365
25.583525.279626.4424 169.301166.007166.597 2.0447.5304.054 18.25029.24545.034

ru
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9. CONCLUSION

Although the quantum mechanical principles required

for an understanding of electronic structure have been recognised

for about fifty years, it is only during the past ten years that

rigorous quantum mechanical calculations have begun to make a

real contribution to chemistry. The increasing usefulness of

theoretical calculations is due mainly to two things: firstly, to

the availability of larger and faster digital computers which are

required for really accurate calculations, and secondly, to the

continual development of new theoretical and computational

techniques for the description of the behaviour and structure of

atoms and molecules. These two points are equally important

and the magnitude of their importance can be illustrated by two

simple examples relevant to this work. Firstly, the ratio of one

minute to one hour in job execution time between the Rutherford IBM

360/195 and our local IBM 360/44 computers. Secondly, the ratio

of one to ten in integral computation time between our latest

programme, GAUSSIAN 70 [75], and the older programme,

IBMOL Version 5 [68], of which most use has been made in this

work.

So, where to now? We have shown that good quantitative

results can be obtained by significant though not enormous effort

from the ab-initio RHF method. Workers using semi-empirical

methods have, however, also claimed to be able to obtain reliable

results of significance to chemistry. Thus, the question is raised:

do we really need to use very complicated ab initio techniques at all?



1 ? c;
* « V

The answer to this question obviously lies in the initial aim of

the calculation. With so many techniques available, each adapted

to the description of some specific types of experimental data, it

is very important to choose the right kind of technique for the

problem under investigation. With ab initio methods, for instance,

there is no justification for going to the extremes of CI to calculate

geometries, when the simpler one configuration method can

furnish excellent geometries. Techniques like CI which demand

vast computational resources should be reserved for those

phenomena where the correlation energy is essential, such as

for the computation of excitation energies and ionisation potentials,

which we have shown to be very poorly reproduced in the one

configuration approximation.

There are many extensions to this work which would be

very interesting to follow up. For example, the effect of adding

more diffuse orbitals to the basis sets of the anions which have been

studied. It is thought that the inclusion of such functions would make

a noticeable difference to the energies and possibly the structures

of the anions compared with those predicted by the basis used to

describe the parent species: but this remains to be seen. Another

extension of interest would be the effect of relativistic corrections

on our hyperfine coupling constants, and yet, if we are going to

attain such levels of accuracy in theory, there must be some

improvement in the measuring techniques of experiment. As we have

shown for boron monosulphide, our calculated hyperfine coupling
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constants are between two values measured in different inert

gas matrices. So even in the RHF approximation, we can enter

the bounds of experimental error: and that is something worth

boasting about i
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11. APPENDIX A: Units

In this section, conversion factors are presented between

the atomic system of units [174 ] and other commonly used systems

of units for the quantities reported in this work.

Energy:
1 a.u. = 6.27503 x 10^ kJ mol

= 2.62547 x 103 kcal mol

= 27.2097 eV

Distance:

1 a.u. = 0.529177 A

= 0.529177 x 10"10 m

Dipole Moment:

1 a.u. = 3.33564Ox 10 C m

= 2 . 54 1 5 8 Debye

Second Moment:

-2 - 1
1 a.u. = 0.089239 erg G mol

= 1. 344911 x 10 ^ esu.cm**

Quadrupole Moment:
7 A 7

la.u. = 1.344911x10 esu cm

Third Moment:
-34 3

la.u. = 0.711688x 10 esucm

Octapole Moment:
- 34 3

1 a.u. = 0.711688 x 10 esu cm

Electronic Charge Density:
15 3

la.u. = 0.3 24140x 10 esucm

Potential:

1 a.u. = 9.07618 esu cm

Electric Field:

8 - 2 -1
1 a.u. = 0. 171524 x 10 esu cm (dyne esu )
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Electric Field Gradient:
16 - 3 -2

1 a.u. = .0.324140 x 10 esu cm (stat volt cm )

Force:

1 a.u. = 8.238879 x 10 dyne

Force Constant:

1 a.u. = 1.55684 x 10^ dyne cm

Quadrupole Coupling Constant:
-1 -24 2

1 a.u. = 234.9648 MHz Barn (where 1 Barn = 10 cm )

Average Diamagnetic Susceptibility:
-6 -2 -1

1 a.u. = 0.791988 x 10 erg G mol

e2 -5
NB.-—--7- = 0. 88749 x 10 a.u.omc6

Components of the Diamagnetic Susceptibility Tensor:
-6 -2 -1

1 a.u. = 1. 18798 x 10 erg G mol
e2 -5

NB.- p = 1. 33123 x 10 a.u.4mc''

Average Diagmagnetic Shielding:
1 a.u. = 10^ parts per million

e2 -5
NB.- 2 = 1.77497 x 10 a.u.3mc^

Components of the Diamagnetic Shielding Tensor:
1 a.u. = 10^ parts per million

e2 . -5
NB,- g = 2.6624 6x 10 a.u.2mc^

Hyperfine Coupling Constants:
7

1 a.u. = 1.71516x 10 Gauss

NB. For the conversion of spin densities in atomic units

to isotropic hyperfine coupling constants in Gauss, the conversion

factor ( —■ gePe8APA) is 285- 545 x gA-
2 2 5

The factor (g (3 g (3 ) to convert <C(3z -r )/r in
0 0 J\ J\

atomic units to anisotropic hyperfine coupling constants in Gauss

is 34. 0844 x g. .A •
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